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Chapter 1

Introduction

Design of lightweight structures, which have both low mass and good mechanical
properties, became a crucial part of the mechanical design process. It is achieved not
only by using advanced lightweight materials, but mainly by using the advanced design
process. Leading industrial approach is the use of structural optimization to design both the
stiffest and lightweight design. Combined with Additive Manufacturing techniques [1H3],
structural optimization is an excellent method for achieving solutions greatly exceeding
what is possible to create using traditional techniques of design and manufacturing.

Structural optimization software, by design, is based on the structural analysis numer-
ical methods. Those methods, with Finite Elements Method as the dominant approach,
require discretization of the analyzed area. This leads to discretized results of structural op-
timization - surface or volumetric finite element mesh. Additive manufacturing production
methods may reduce post-processing of structural optimization results only to the mesh
surface smoothing. In many practical cases, in particular when after optimization further
design requires a parametric model, there is a need of transferring structural optimization
results to the CAD system. This requires building a parametric model.

Although there are multiple structural optimization methodologies, the challenge of
transition from finite element mesh to parameterized model is always the same. Depending
on the selected manufacturing method it is possible to limit optimization results processing
to surface smoothing and continue the design process by relying on the manufacturing
method preparation steps. Separation of the design optimization step and the manufac-
turing preparation step simplifies overall manufacturing workflow but in practice is often
insufficient - it is impossible to backtrack from the latter step and introduce adjustments
other than direct operations on a mesh. Conversion of structural optimization results back
into parametric models is an important research area that is vital not only for preparation
for the manufacturing process, but also when the mechanical design process requires, after
the structural optimization step, more design cycles based on parametric models in CAD
systems.

The purpose of this thesis is the research of building parametric geometric models for
CAD systems based on topological optimization results. Research is conducted in two areas.
First is research of available feature recognition techniques and application in the area of

parametric model building. Second is application of the parametric models in industrial
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application. The research aims to incorporate developed parametric model recognition
algorithms into a consistent workflow to bridge the gap between the structural optimization

process and the manufacturing in the mechanical design process.



Chapter 2
Background

Structural optimization is used as one of many steps in the Additive Manufacturing
design workflow which starts with product planning and ends at product validation [4].
Optimized part is further processed in CAD software to post-process it and prepare
for manufacturing [5]. Hence it is useful to have structural optimization output in a
format that allows easy modification and processing. The CAD parametric model meets
those requirements. In practice conversion to the parametric model requires a trade off
between the model accuracy and the ease of processing; different techniques approach this
in different ways. Tracing models using parametric surfaces can very accurately reflect
structural optimization complexity but manual processing or adjusting models can be as
difficult as processing the mesh itself. On the other hand, feature extraction approaches
allow conversion of the structural optimization output into a set of simple features that
are easy to modify but may lead to oversimplification of the result. The right approach
must be taken depending on the use case and requirements of the design process.

Features extraction in the 2D domain is well explored. Structural optimization output,
especially obtained with the SIMP method, can be treated like a black-and-white picture
so a classical computer vision algorithm can be applied. Simple features such as circles,
lines can be extracted using the Hough transform [6]. Depending on the use case it is
possible to use features mapping to map topology of the optimization output [7]. In this
approach complexity of the model is reduced into a topology graph which can be converted
in the CAD software into truss. Opposite approach is the use of curve fitting to create a
parametric model of the optimized object surface |§]. This approach doesn’t provide any
knowledge about the optimized object directly but accurately maps the boundary of the
object in 2D space as a parametric model. Morphological image processing is another
technique from the domain of computer vision adapted for the structural optimization
results processing [9]. Skeletonization capabilities provided by the morphological processing
enables feature extraction such as partitioning of the input data or extracting connectivity
graph. The challenge in such approaches is filtering of the skeleton. Classical morphological
filtering is sensitive to input data and additional processing is required, either of the input
data or of the resulting skeleton.

Compared to well-explored 2D approaches, selection of 3D techniques is limited. Greatly

increased topological complexity of 3D models is the main limiting factor [10]. Moreover
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computer vision approaches cannot be applied to 3D shapes limiting applying achievements
from this board branch of research to the area of mechanical design.

Structural optimization in the 3D domain creates very complex topologies and shapes,
which are difficult to represent as parametric models in CAD systems. Multiple approaches
completely ignore this problem and do not use parametric models to prepare models for
manufacturing. For additive manufacturing approaches using layer by layer approaches
such as Selective Laser Sintering (SLS) or Powder Bed Fusion (PBF) there is no need
for volumetric mesh as slicer software requires surface shell used to create codes for the
manufacturing device |[11]. Hence it is enough that the mesh is watertight shell free of
defects [12]. A water-tight shell from the structural optimization system is often not
enough because the optimization procedure may produce rough surfaces, with small defects
or peaks. The leading approach to improve mesh quality is surface smoothing [13-18].
Surface smoothing techniques change position of mesh vertices using Laplace operator,
local curvature of neighbor faces, filter based on patch normal or filtering surface with a
frequency based approach. Each method has different advantages and disadvantages but
volume shrinkage is shared by virtually all approaches. This phenomenon is especially
dangerous in mechanical engineering, where lightweight structures are designed to carry
loads within designed range. Volume reduction changes mechanical properties of the design
and may lead to failure. Another problem is distortion of flat surfaces, which become curved
with increased level of smoothing. This causes problems when the mesh contains structural
features excluded from optimization such as mount points. Smoothing distorts those mesh
areas and dedicated processing is required to restore original shapes.

Separate branch of research in the parametric model creation area is the family of
2.5D techniques. Structural optimization preparation for manufacturing using classical
approach — chip removal techniques — is done by preparing a set of material removal
instructions starting from a solid block of metal. Parametric models prepared this way can
be easily, by the virtue of using the same commands, converted into a program for CNC
machines. Algorithms working this way have access only to the surface of the model, hence
the name — 2.5D. This limitation greatly decreases numeric complexity required to find
the solution. Available techniques create parametric solution by matching pre-defined 2D
shape templates [19] or by matching machining features using dedicated algorithms [20)]
or machine learning [21},22|. All those approaches require defining a set of input features
to be matched against optimization results. In practice this is not a limiting factor as
those features are derived from the set of machining tools available on the manufacturing
machine.

Full parametric model of a 3D object can be created using cubic B-splines. This
approach allows tracing surface curvature using a mathematics model. Until recently semi-
automated approaches were available. Algorithm creates a skeleton which is used as a
leading curve that guides the surface created in the CAD software by the operator [23].
Computer-aided, semi-automatic design speeds up the creation process of the parametric
model in approaches where a parametric model is required for the manufacturing process.
There is no need to create the model from scratch manually, based on the structural

optimization output which results in time savings and higher quality of the result model.
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Fully automated approach was recently presented [24]. In this approach a skeleton is used
to find mesh junctions, which are converted into parametric representation using B-splines.
Junctions are connected together using lofting curves. Created model is fully parametric,
smooth and watertight. Both presented approaches rely on the skeletonization algorithm to
discover the initial topology, which is used as the starting point for the feature recognition
step. Extra care must be taken to correctly process the skeleton as in practical cases
the generated skeleton contains errors such as loose ends, not needed branches or is not

centrally located inside the mesh which causes problems in subsequent steps.



Chapter 3

Biomimetic structural optimization

approach

This chapter describes the biomimetic structural optimization system used in the
research. The system uses an approach based on trabecular bone remodelling phenomenon.
Similarities between bone remodelling and structural optimization are described and details
of the system are provided.

The trabecular bone structure is continually rebuilt. This process is the subject of
intensive research due to its high medical significance [25H31]. The observation proposed
by Julius Wolff - called the Wolft’s law [32] - can be described as a structural adaptation of
the bone to the external forces. A model of the trabecular bone remodeling phenomenon is
based on the idea of a regulatory model presented by Huiskes [33-35]. The lazy zone concept
- proposed by Carter [36] - is also included in the presented model, but this issue will be
discussed in a section devoted to the simulation approach. The phenomenon of trabecular
bone adaptation has two important attributes. First, mechanical stimulation is needed to
conserve the rebuilding balance. Second, the process of resorption and formation occurs
only on the trabecular bone surface. The process takes place within Basic Multicellular
Unit (BMU), areas with a smaller volume, but comparable to a small part of a single
trabecula. This is where the sequence of resorption and new tissue formation takes place.
Adding the ability to determine the level of local mechanical stimulation, all the actors
needed to build the model are now present. The model consists of a regulatory mechanism
(on the bone surface only) between bone resorption and formation, corresponding to the
intensity of mechanical stimulation and this is the main assumption of the discussed model.
The regulatory mechanism depends, in turn, on the mechanical stimulation of the entire
bone structure. The assumption based on clinical observations is that, if the strain energy
density is close to observed equilibrium, there is no change in the bone mass during the
bone remodeling process. In this way, if the intensity of mechanical stimulation differs
slightly from the homeostatic value of the strain energy density, bone mass does not change.
However when the intensity of mechanical stimulation is larger or smaller than the reference
value, the bone mass increases or decreases respectively. Modeling the actual bone geometry
allows the simulation of the bone remodeling phenomenon in the most similar way to the

process occurring on the surface of the BMU’s. Hence the necessity of geometrical modeling
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of the real geometry of the reconstructed structure becomes clear.

Continuous models, although they currently dominate the area of modeling the evolu-
tion of the trabecular bone structure, are not sufficient to simulate real processes on the
surface of the bone structure [37439]. The microarchitecture of bone tissue has a major
influence on the mechanical properties and must also be considered when trying to explain
disease processes.

In order to be able to provide general relationships between the geometric form of the
structure observed in imaging studies and its mechanical properties, an accurate, three-
dimensional simulation model of the trabecular bone structure is necessary. As indicated
above, there are two elements necessary to build a computing environment - the inclusion
of multiple load cases and an accurate geometric model of the trabecular tissue. The
approach used by the structural optimization system uses two postulates [40] concerning
the trabecular bone remodeling regulatory model, based on shape optimization studies
[41,42]. These studies show that the remodeling of the trabecular bone can be treated as a
simultaneous optimization of shape and topology. The similarity between the phenomenon
of trabecular bone remodeling and topology optimization has been recognized and it is
used in two opposite research approaches. The first approach is to use exact mathematical
results from the optimization area (maximization or minimization of a function) to predict
the evolution of the bone structure [43-45|. And the second approach which is presented
also in the paper is to apply the bio-mechanical observations and models to the structural
optimization issues [4146,47]. In the latter paper it was proved with use of shape derivative,
that the maximization of a structure stiffness needs the structural form, having on the part
of the boundary, subject to modification, constant value of the strain energy density. This
is also the purpose of the trabecular bone remodeling phenomenon.

The postulates are as follows:

Postulate 1.: during the remodeling process, the trabecular bone tends to maximize
the stiffness of a structure (i.e. to find the stiffest design) by the strain energy density

equalization on the structural surface of the trabecular tissue. According to formula:

o(u) : e(u) = A = const. (3.1)

where:

o(u) : e(u) - strain energy density at the point on structural surface

A - homeostatic value of strain energy density (surrounded by the lazy zone)

the bone remodeling phenomenon can be interpreted as a structural optimization
process. It means that for the stiffest design, the strain energy density on the part of
the boundary subject to modification must be constant. Comparing this result with the
regulatory model of bone remodeling, it can be deduced that the mechanical stimulation
(measured by strain energy density distribution on structural surface) has to be between
the values determined by the lazy zone. In other words, at each point of the surface of the
trabecular bone, the strain energy density should be similar, and this can be achieved by

remodeling the bone structure.
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Postulate 2.: the regulatory model of the trabecular bone remodeling can be applied
to the multiple load problem maintaining its character and the basic assumptions about
the existence of the homeostatic value of the strain energy density. The ’lazy zone’ is an
important element of the model which provides the opportunity to find a solution for
many load cases. The local change (in this case related to different loads) on the structural
surface leads to global minimization of the strain energy for the whole structure.

According to the formula:

aro(uy) :e(ur) + azo(uz) : e(u2) = A = const. (3.2)

aro(uy) @ e(ur) + azo(uz) : e(u2) = A = const. (3.3)

where:

ajo(ur) :e(ur) + azo(us) : (uz) - weighted sum of strain energy density at the point
on structural surface for different load cases

A - homeostatic value of strain energy density (surrounded by the lazy zone)

the regulatory model can be directly used for the simulation of the multiple load
problem.

To carry out the biomimetic structural optimization simulation based on the trabecular
bone remodelling phenomenon it is necessary to combine two areas - numerical simulation
of deformation of the structure under load and structural evolution. The Finite Element
Method will be used for this purpose. In terms of structural calculations, there is no
alternative but to use the already existing FEM systems. Described structural optimization
system is able to use FrontISTR [48|, Elmer [49] and Calculix [50] for this purpose. The
more difficult task is to plan how to reflect the evolution of the structure. Based on
previous experience [51], it was decided to build separate computational meshes for each
simulation step. The idea of building a volumetric mesh based on data in the form of
two-dimensional images containing the cross-sections of tissue is presented schematically
in Figure 3.1} This is a natural way of mesh generation since the visualization for the
biological entities is based on the digital images e.g. Computer Tomography. Also the
evolution of the structure is based on the two-dimensional images modification, which is
depicted schematically in Figure According to the remodeling scenario described by
the regulatory model, depending on the calculated value of the energy density, the surface
of the structure is modified by adding or removing material on its surface.

Input of the system is data set exported from the CAD system as series of STL files.

Definition of the optimization task consists of:
e Main mesh to be optimized,

e Boundary areas — as optimization progresses shape and topology changes. Pre-defined

boundary areas define where support and forces are applied each step,

e Domain area — bounding box defining the area of operation for the system,
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Ficure 3.1. Data Discretization and Volumetric Mesh Building algorithms applied for sample image.
Image is divided into squares, in this particular example size of 3 was selected. For each square, four points
are selected and used for volumetric mesh building. Last image shows a volumetric mesh created from two
identical images.

& I.
\) — 60
S »

FiGure 3.2. Showcase of the multiple load case and mesh evolution algorithm. On the left element
with random holes subjected to shear stress (top) and compression (bottom). In the middle both cases
are aggregated using formula [3.2] On the right the same element after the evolution algorithm has been
applied and then both load cases are calculated and aggregated together. New material ’grows’ in high
and is removed from low strain energy density areas. Material with strain energy density values inside the
lazy zone is left intact.

Strain energy density [MPa]

e Areas excluded from the optimization — those parts won’t be modified during the
remodelling step. If initially there is material in those areas it will be retained through

the optimization,

e Multiple load scenario definition — file which defines, for each multiple load scenario,

how forces are connected to defined boundary areas.

Sample problem definition, as seen in CAD is shown in Figure B.3] and multiple load
scenario definition in Figure [3.4]

System created has been designed with two main goals: high performance and flexibility
for future enhancements and modifications. Underlying phenomenon of trabecular bone
remodeling is a process that happens over time hence the algorithm works in iterations,
each run is a full remodeling cycle. Single loop consists of a series of steps. First step is data

discretization to reduce the size of data used to build mesh. Scale factor is input parameter
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Ficure 3.3. Sample input for the structural optimization system, as seen in a CAD system. Gray — the
main element. Green — three distinct boundary areas. While outline — optimization domain bounding box.

for algorithm and allows choosing between fine and coarse meshes and consequent trade-
off between solution resolution and resources required to perform calculations. Each two-
dimensional image (slice) is divided into squares of size depending on scale factor that are
used as an input for Volumetric Mesh Building. For each square up to 4 points on edges
are selected in such a way that the resulting tetragon approximates material inside each
square. Second step is the Volumetric Mesh Building and it consists of three operations.
First, pairs of adjacent discretized images are converted into layers of mesh cells — squares
from adjacent two-dimensional images are paired and for each pair, mesh cells are created,
each consisting of 6 tetrahedral elements spanned between points from adjacent squares.
Data is filtered to remove mesh items that are not eligible for strain energy density (SED)
calculation, mesh items that are connected only by a single point or single edge. Filtered
data is collected and merged into a single mesh — each cell and vertex gets assigned a
number and boundary faces are computed. Prepared mesh is saved and FEM software is
used to calculate displacement and SED values. To support multiple load scenarios, for
each load case, separate simulation is executed in a loop. Results of all calculations are
merged together according to equation Provided formula is not limited to two cases
and thus implementation supports any amount of load cases, each allowing a different

set of forces and boundary conditions. The only limiting factor is time - each load case



CHAPTER 3. BIOMIMETIC STRUCTURAL OPTIMIZATION APPROACH 13

| | ]
boundary_|eft.stl boundary_right.stl boundary_battom.stl
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Direction = -Y P Direction =¥ P Direction = X
Multiload Case 2 Multiload Case 1

Ficure 3.4. Sample visualization of multiple load scenario definition. Defined boundary areas can
have assigned different boundary conditions in each load case scenario allowing flexible optimization task
definition. In the shown example boundary left.stl is supported in theMultiload Casel and stressed area
in Multiload Case2.

requires a separate SED calculation which is the most time consuming part of the whole
process. After all load cases are evaluated, the stop criterion is evaluated - if surface SED
values are all inside the lazy zone or maximum allowed number of iteration is exceeded,
algorithm stops. SED data is passed to the Mesh Evolution algorithm where it is applied
onto two-dimensional images used for mesh building. Each image is remodelled depending
on a surface SED — areas where SED exceeds the upper bound of the lazy zone grow and
those where SED is below the lower bound shrink. Remodeled stack of images is input for
the next iteration. Each iteration of the algorithm generates a valid solution, refined with

each step. Sample output is shown in Figure

Ficure 3.5. Sample output mesh of the biomimetic structural optimization system, obtained for the input
data from Figure [3.3] (a) Optimized mesh. (b) Optimized mesh with smoothing applied, for visualization
purposes only.

Presented structural optimization system was selected for two main reasons. First one is
ability to operate on the direct mesh. This is the distinctive feature of this approach, which
is not present in the leading structural optimization approach — Solid Isotropic Material

with Penalization (SIMP). The SIMP method produces a density map which requires an
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additional post-processing step to obtain the proper solution consisting of finite element
mesh. Presented biomimetic approach operates on the mesh directly, so no additional step
is required. Proposed feature recognition framework will be able to operate directly on the
optimization output. The second reason is related to the first one - no need to process
optimization is possible because the optimization system contains its own mesh generator.

It is possible to reuse generator during research work.



Chapter 4
Research aim and objectives

The research aims to provide the missing step between the structural optimization
system and manufacturing process by introducing the parametric model of the structural
optimization system results. The ability to use such a model enables preparing a solu-
tion for the manufacturing step by including technological constraints in the model. Two
observations are the entry point for the research. First is the observation that output of
the biomimetic structural optimization contains a broad class of solutions resembling truss
structure with multiple bar-like elements. Second observation comes from the author’s own
experience. The main demand from the manufacturing team during the model preparation
is to increase the thickness of the model’s small elements. The first observation directs the
research in the direction of truss recognition systems. Second suggests choosing a para-
metric model that allows easy modification of parts during the manufacturing preparation
process. This led to focus on algorithms allowing an automated recognition of the truss
structure that can be converted into a parametric CAD model. To achieve this several

objectives are identified:

e Assess the current state of the mesh generator in the structural optimization system.
High quality of the input mesh is considered as an important factor in the features
recognition system. The mesh of high quality has smooth surface and free of topology

defects. Identified problems must be addressed before further research.

e Provide Hough Transform implementation for detecting cylinders in the structural
optimization results. Hough Transform is an algorithm commonly used for feature de-
tection in computer vision. High accuracy, fast operations and successful application

in the computer vision area make it an attractive target for the research.

e Explore skeletonization-based approach for features recognition. Mesh skeletoniza-
tion algorithms provide a convenient way of detecting the topology, which can be
used to rebuild objects using simple features. For a complete approach additional

techniques for skeleton filtering and refinement have to be proposed.

e Propose steps to incorporate research results in the end-to-end manufacturing pro-
cess. Use industrial processes exercised in the BioniAMoto project to demonstrate

usefulness of the parametric model in the industrial application.
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Thesis outline
The remainder of the thesis is structured as follows:

e Chapter [o] assesses the usability of the biomimetic structural optimization mesh
generator system for industrial use. Available tools are used to evaluate quality of

result mesh and changes to the system are proposed.

e Chapter [6] presents the application of the Hough Transform algorithm for cylinders
detection in the area of parametric model reconstruction. The algorithm presented

was tailored for the use with finite element meshes.

e Chapter [7] introduces skeletonization-based approach for automated truss recogni-

tion. All steps of the approach are broadly presented with examples.

e Chapter [§] explores potential applications of research in the mechanical design pro-
cess. Based on the prior experience the hybrid approach is proposed. In the described
workflow, the researched parametric model, after manufacturing process limitations

are addressed, is fused back into the smoothed source mesh.

e Chapter [J] presents results of research. In distinct sections each of previous areas of
research — mesh generator evaluation, cylinders detection based on the Hough Trans-
form, skeletonization-based truss recognition and hybrid approach — are evaluated

using test data containing both synthetic and real test cases.

e Chapter [I0] discusses the proposed developments and provides a critical overview of

results of the research.

e Chapter [[1]presents conclusion of the research, highlights opportunities and proposes

future directions for the developments.



Chapter 5

Biomimetic structural optimization

system

In this chapter the mesh generator included in the biomimetic structural optimization
system is evaluated. The quality of the mesh is assessed using a mesh analysis tool available

in the FreeCAD software. Issues are identified and algorithm solving issues are provided.

5.1 Evaluation of the mesh generator tool

The mesh generator works using a slice by slice approach. Two neighboring data layers
are analyzed at once and cubic structural elements are spanned across lattice points, as
described in detail in the Chapter Bland shown in a Figure[5.I] Each cubic element consists

of 6 tetrahedral elements. To assess the quality of the generator mesh was generated using

Fiaure 5.1. Data Discretization and Volumetric Mesh Building algorithms applied for a sample image.
The image is divided into squares, in this particular example size of 3 was selected. For each square, four
points are selected and used for the volumetric mesh building. The last image shows volumetric mesh
created from two identical images.

the micro-CT of rat femur bone (Figure . Resulting mesh is big and very complex (STL
file has 104MB, contains 2131028 cells and 1062076 points). Detail of the mesh is shown
in Figure[5:3] Mesh was analyzed using the FreeCAD mesh evaluator. This tool is able to

detect following issues in a surface mesh:

e Each triangular face in the mesh must have, by convention, points defined in counter-
clockwise order, when looking from the outside. This feature makes it possible to

calculate the normal of the face using the formula, assuming A, B, C are face points
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FIGURE 5.2. Subset of data used to test the mesh generator. Data comes from the micro-CT of a rat
femur bone and was selected because of complexity of the resulting mesh.
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FIGure 5.3. Mesh of the rat femur bone created from the micro-CT scan. Cubical structural elements,
each containing 6 tetras are clearly visible.

in counter-clockwise order.

(a—10b)x (a—c)
[(a—1b) X (a—c)|

N(a,b,c) = (5.1)

The flipped normals’ check finds faces that do not conform to this convention.

e The majority of surface mesh formats are unstructured. For example the most com-
monly used Standard Triangle Language (STL) format contains a list of vertices
of triangular faces, Object File Format (OFF) contains separate lists of nodes and
connectivity. This makes it possible for duplicate faces to exist in the mesh data.

The 'duplicated faces’ check searches for such issues.
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e The ’duplicated points’ check searches for duplicated data in formats when the points
list is provided separately. It is important to note, that mesh points can be reported
as duplicated if algorithm decides are close enough to cause numeric issues, even if

displayed correctly.

e A proper mesh is a manifold — by definition each point on a surface locally resembles
FEuclidean space. In practice this check is implemented by finding edges shared by
more than 2 faces. In the proper, watertight mesh each edge is shared by exactly
two faces. Meshes with more than two faces sharing an edge are invalid and are
reported by 'mon-manifolds’ check. There is also another kind of non-manifold mesh
errors, so called ’bow-tie’ errors when two parts of mesh are joined with just a single
point. Detection of such points is time consuming and has to be enabled separately

in settings.
e The ’denegerated faces’ check finds faces with zero surface area.
e 'Face indices’ check finds invalid indices in structured meshes.
e ’Self-intersections’, as the name implies, finds pairs of faces intersecting each other.

Test mesh was analyzed with a mesh evaluator, the result is visible in the Figure 856
non-manifold edges were found. One of such errors is in Figure [5.5] FreeCAD provides
mesh repair capabilities, which were tested on the mesh. Results are in Figure [5.6] High
mesh complexity prevents the automated holes filling algorithm from properly addressing
mesh issues. It is possible to manually repair mesh by adding faces one by one, but doing
this for all 856 non-manifold edges is not a viable task.

During tests viability of the mesh for manufacturing using classical approach with
surface smoothing was also evaluated. As this is not the main objective of the research,
visual assessment was performed. Laplacian Smoothing filter from the ParaView software
was used. It was noticed that a high amount of smoothing is required to restore a smooth
surface. Test results are visible in Figure Mesh, produced by the current implemen-
tation of the mesh generator, cannot be easily smoothed by the Laplacian Smoothing
algorithm. Number of iterations required to obtain a smooth surface distorts fine features

of the mesh. Either better quality of the mesh or better smoothing algorithms are required.

5.2 Recommended changes to the mesh generator tool

After evaluation, the mesh generator was considered a viable solution for further
research, but minor changes were recommended to improve overall mesh quality. To address
identified issues changes in the implementation of the mesh generator were recommended.
The first change was to extend generator capabilities to use more detailed structural ele-
ments than cubes. Use of partial elements, such as wedges or pyramids enables a smoother
mesh surface. Additional shapes of structural elements do not interfere with structural
analysis performed using the FEM system as new elements are properly connected with

the rest of the mesh and have the same sizes are structural elements used to build full
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F1GURE 5.4. The result of the mesh analyzed with the FreeCAD system. Multiple non-manifolds were

found.

FiGure 5.5. Mesh details with multiple non-manifolds highlighted in red.

cubes. As a side effect, a smoother surface should also increase the performance of the

structural optimization process as a smooth surface enables better stress distribution on

a surface without a stress concentration in concave areas of a rough mesh surface. Second

recommendation is to include a non-manifold detection algorithm into the mesh generator.

All available mesh repairing software removed non-manifold edges and filled created holes.

This may lead to discontinuity in mesh and change the mesh topology as a result. To

prevent this from happening, the recommendation is to fix non-manifold edges by adding,

not removing mesh elements. It was observed that a biomimetic algorithm, once part is

disconnected, is not able to connect it again but instead part is completely removed as it
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(b)

FIGURE 5.6. Showcase of the mesh repair feature in FreeCAD. (a) Mesh details with non-manifolds. (b)
Mesh after using the repair option. Invalid edges were removed leaving open holes in the mesh. (¢) Mesh
after using the "fill holes" algorithm in FreeCAD, as recommended in the manual. Algorithm added just
a single face, and wasn’t able to correctly fix the mesh.

FIGURE 5.7. Smoothing of the mesh surface using the Laplacian Smoothing algorithm. (a) The input
mesh. (b) Detail of the input mesh (c) After 200 iterations of Laplacian Smoothing. Rough surface is still
noticeable. (d) After 500 iterations of Laplacian Smoothing. Rough surface is noticeable but smoothness
can be considered sufficient. (e) Detail from (b) after 500 iterations of Laplacian Smoothing. Significant
reduction of volume is visible.

no longer carries loads. Hence adding additional material is a safer approach to fix mesh
issues and leads to higher quality optimization results. Detection of non-manifolds caused
by elements connected by edges is trivial — requires counting the amount of faces at each
shared edge and reporting number higher than 2. In practice if an edge with a single face
is encountered the algorithm should stop immediately as such a case should never happen
in properly generated mesh. Detection of single point non-manifolds required a dedicated
algorithm. It can be noticed, that the properly constructed mesh can be represented as

two dual, topologically equivalent graphs:

e Points connectivity graph — mesh points are graph nodes, mesh edges are graph

edges,

e Faces connectivity graph — face central points are graph nodes, edges connect adjacent
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faces.

When a mesh contains a single point non-manifold those graphs are no longer equivalent —
point connectivity graph contains paths not reflected in faces connectivity graph. Moreover
it can be observed that in the properly built mesh each faces connectivity subgraph created
by selecting faces with a given shared edge contains exactly one cycle. Hence detection of
non-manifold edges can be performed by creating a faces connectivity graph and for each
point checking if there is exactly one cycle, as shown in Figure 5.8 In practice it is enough
for a given subgraph to traverse it starting from an arbitrary face until returned to the
initial point. If the amount of visited nodes is equal to the amount of nodes of subgraph
the point is a valid mesh point. As non-manifold issues can appear in a mesh after addition
of elements to fix detected errors the algorithm should repeat verification and fixing steps

until all issues are corrected.

\

FIGURE 5.8. (a) In a correctly built mesh each faces connectivity subgraph created from faces sharing a
given edge contains exactly one cycle. (b) Detail of a mesh with the single point non-manifold. When the
faces connectivity subgraph is constructed for faces sharing given point, there exist two separate closed
paths allowing detection.



Chapter 6

3D Shapes Recognition using Hough

Transform

Chapter describes feature recognition algorithm based on the Hough transform. It is the
first, out of two, approach to the parametric model recognition researched and presented
in this dissertation. Two-stage computer vision approach is applied to the finite element
mesh to detect cylinders. Details of each algorithm step are provided and verification
methodology for case studies is proposed.

Hough transform is a feature extraction technique commonly used in image process-
ing [52,/53]. Initially designed for the line detection in 2D images, it can be adapted to
work with other features and in 3D. It works by transforming data into parameter space,
where each dimension represents one degree of freedom. Practical implementation uses
accumulator space instead, which is a multidimensional array with each cell representing
one potential set of result parameters. Line equation is y = ax+¥b, hence to detect lines two
parameters must be estimated. For each point in the input data all lines containing that
point are calculated and appropriate accumulator cells are incremented. Each accumulator
cell contains votes for appropriate estimated parameters. Solution with the most votes is
selected as a recognized feature. Example of an algorithm for recognition of lines in 2D is

shown in a Figure [6.1

Input Image Rendering of Transform Results

Distance from Centre

Angle

Ficure 6.1. Example of the Hough transform for line detection. Left: Input data. Right: Hough
space accumulator obtained for the data on the left. By Daf-de - Own work, CC BY 2.5,
https://commons.wikimedia.org/w/index.php?curid=1121165.
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Hough transform is broadly used for industrial application. The main applications are
computer vision and image recognition areas, but there are multiple uses in the area of
virtual engineering and additive manufacturing. Hough transform can be used for CAD
model detection and classification [54-56]. Depending on the task the algorithm is either
used to detect features on pictures or scanned models. Fast detection of pre-defined features
on pictures, makes it possible to use the Hough Transform algorithm for quality control
using computer vision approaches [57H59]. Another application of Hough transform is
detection of features in structural optimization results, either in 2D or 3D results [6}/60].

Structural Optimization results visually resemble trusses containing multiple cylindrical
objects. This suggests that Hough transform can be used to detect those cylindrical
features. As Hough transform requires accumulator space for each degree of freedom of
recognized feature it is impractical to create such data structure for single-pass recognition.
Instead the approach described in [61H63] was used. Following implementation is based on
the algorithm described in [62].

6.1 Orientation Estimation

The first step of the algorithm is finding the direction of the cylinder in input data.
Implementation used in this step is based on an observation that for a cylinder all normals
of the side surface form a great circle on the Gaussian sphere. This great circle results
from the intersection of the unit sphere with the plane passing through the origin. The
normal vector of this plane is the same as the cylinder axis. Accumulator stores votes
for direction of this normal. For each mesh face in the input data set the algorithm adds
to the accumulator votes for all possible normals of cylinders that can contain a given
face (Figure . For each normal vector N, votes are calculated by finding all points of
parametric 2D circle given by the Formula [6.1]

x = cos(t),y = sin(t) (6.1)

Equation is solved for t from the [0,27) range. Each value obtained is treated as an unit
vector V' = (z,y,0) and transformed into normal plane to the vector N using rotation
matrix. To create rotation matrix first angle o and direction u of required rotation is

calculated according to the Formula
0
Z=10|,a=acos((ZxN)-Z),u=(Zx N) (6.2)
1

Calculated angle and direction provide rotation of unit vector Z along the 7 axis to
the given normal vector N. Rotation matrix is calculated based on two values using
Formula 6.3

R =wu® + cos(a)(I —uul) + sin(a) Uy 0 —uy (6.3)
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The rotated unit vector V' is created by applying rotation matrix to the vector V converted
into spherical coordinates 6, ¢ which are used directly as position in a Hough SpaceAccu-
mulator according to Formulas [6.4] and [6.5}

0 = acos(V) (6.4)

V) /
¢ = —Lacos Ve (6.5)

Vil JVE+ V2
Unlike the cited paper, where recognition was based on a points cloud this algorithm
works on triangulated surfaces directly so there is no need of estimating normals. Normal

for a triangular face with points a, b, ¢ can be calculated using the Formula

(a—0b)x(a—c)
(@ = b) x (a —c)|

n(a,b,c) =

(6.6)

After adding all votes to the Hough accumulator maximal value, corresponding to the axis
of a cylinder is located. As shown in Figure [6.3] due to both numerical error and mesh
imperfections, the area corresponding to the axis is not a single pixel in the accumulator,
but instead is a blurred area. To compensate for this phenomenon, instead of scanning for
simple maximal values, the average value in a wider area is calculated using a morphology

kernel. Tested implementation uses a 21x21 pixels square kernel with equal weights.

Fiaure 6.2. Two faces of a cylinder surface with corresponding circles in Hough space. Each circle
corresponds to all possible axes of cylinders that include a given face. The color of the face corresponds to
the color of the circle generated of its normal. Intersection of two circles corresponds to the actual axis of
the input cylinder. Data comes from the actual algorithm output. Faces were obtained from triangulation
using gmsh software with the ‘Frontal Delaunay’ generator .
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FI1GURE 6.3. Hough space accumulator for the mesh generated with the MeshAdapt algorithm with
an overlaid input cylinder, shrunk down to match the size of the Gaussian sphere. Point with maximal
accumulator value corresponds to the cylinder axis.

6.2 Position and Radius Estimation

Second step of the algorithm, after the cylinder axis is estimated, is cylinder position
and radius estimation. First faces of the input mesh are filtered to obtain the cylinder
surface set. For each face the angle between a face normal and the cylinder axis is calculated.
Face, to potentially be part of the estimated cylinder, must have the normal vector
perpendicular to the cylinder axis. To account for errors a small margin is used so faces with
this angle between (0.957,1.057) are selected. As this step of the algorithm operates on
points, all faces are converted into points. Those points are projected onto the plane normal
to the cylinder axis V' using planar projection matrix used in a software rendering shadow
mapping shown in Formula . Points projected this way are shown in Figure

v iV Y V.Y, 0 |
-V ~VZ2+V.V AA 0
V.V, -V, V. -V2+V-V 0

0 0 0 V.V
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F1aure 6.4. Cylinder surface points projected to the plane normal to the cylinder axis.

To simplify further calculation, data is rotated so that the projection plane normal
is aligned to the Z axis of the coordinate system, reducing the problem space to two
dimensions rotation matrix provided by Formula [6.2} Now the problem of estimating
position and radius of the cylinder is classical circle finding problem ,. Standard
Hough Transform approach was selected for the initial implementation despite more effi-
cient algorithms being available. Implementation was created to evaluate the feasibility of
using the Hough transform for the recognition of features of the structural optimization
output and the simplest approach was considered sufficient. The approach uses a three
dimensional Hough space accumulator with dimensions representing radius, x coordinate
and y coordinate of estimated circle. The accumulator is filled for each point with votes
for centers of all possible circles that contain a given point. In practical implementation
accumulator space is a stack of 2-dimensional accumulators with a separate accumulator
for each circle radius. For each point in the input data, in each 2-dimensional accumulator,
a circle of appropriate radius is drawn using a standard approach from computer graphics
- the Bresenham’s Circle Drawing Algorithm [70]. In the accumulator corresponding to the
right radius all drawn circles will converge giving maximum accumulator value which is

located and the position and radius can be directly obtained out of it (Figure [6.5]).
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Ficure 6.5. Two slices of Hough space accumulator used for the position and radius estimation.
Accumulator is filled using a random subsample of 5% of the input data. (a) The slice corresponding
to the radius of 4.5mm. (b) The slice corresponding to the radius of 5.0mm. When radius is correctly
estimated, all circles in the accumulator converge in a single point, which corresponds to the right radius
and position.

6.3 Shape Ends Positions Estimation

Third step, to fully capture all parameters of the cylinder, is the estimation of positions
of two end points of the cylinder. As the axis position and orientation is known, this task
is reduced to one dimensional local search to find both points. Points that took part in
voting in the previous step are used and points that are not inside the identified cylinder
are removed. Coordinates are transformed using a rotation matrix to align the cylinder
axis along the Z axis of the new coordinate system. The X and the Y coordinate both
ends are now the same as the axis. of The minimal and the maximal value of Z coordinate
across all cylinder’s points are selected as positions of cylinder ends. Final coordinates are

transformed back into original coordinate space and returned.

6.4 Post-recognition step

The algorithm presented in [62] runs multiple Position And Radius Estimation steps
for each local maximum identified during the first step. Proposed implementation works
in an iterative manner instead. After each step all faces inside the identified cylinder are
removed and the algorithm runs again using the obtained subset as an input. Removal of
processed data increases accuracy of the algorithm when input data contains cylinders with
closely aligned axes. Hough transform used for line detection described in [6] exhibited such
behavior and accumulator size was increased to increase detection resolution. Algorithm
there was tested on a synthetic data set. For real data, coming from the structural opti-
mization software, noise is expected to degrade detection quality. Accumulator resolution

increase doesn’t not help when data overlaps due to noise.
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6.5 Implementation notes

It is important to note, that the implementation used for following tests contains issues
that prevent it from being used outside scope of tests. The goal of the research was to
evaluate the feasibility of the presented approach for the feature recognition of structural

analysis results. Identified and ignored problems are:

e Transformation of spherical coordinates into a two-dimensional array using naive
(z,y) = (¢,0) formula results in two singularity points at ¢ = 7 and ¢ = —m. This
makes it impossible to correctly detect cylinders with an axis close to fi=pi. The

original paper doesn’t mention this issue.

e Second problem with the used mapping is non-uniform accumulator density - polar
regions have denser coverage than equatorial areas. This issue doesn’t affect the vot-
ing process. The algorithm, during the accumulator filling step, defects all candidate
points and increases appropriate accumulator values. On the other hand the kernel
used for votes averaging averages data from a wider area on the equator than near
poles. The original paper finds max value in accumulator using simple max operator

so this issue doesn’t exist there.

e Full unit sphere is used as an accumulator for the cylinder axis orientation finding
step. Half of the accumulator size would be sufficient - the sphere is symmetrical as
cylinders axes intersect it in two points. Future implementations should have memory

by using the right size of accumulator.

e The original paper mentioned data was filtered out to exclude planes because ‘big
planar areas interfered with cylinder axis estimation’. In researched implementation
no effort to reproduce this was made. Instead test data without such features was
used. This is the reason why disks at the end of cylinders in test data were replaced

with domes.

e Circle detection was implemented using inefficient Standard Hough Transform. More

robust approaches, such as 71|, are available and should be used in future research.

6.6 Algorithm Validation Methodology

The output of the feature recognition algorithm is a set of cylinders. Each cylinder is
described by 3 parameters: two points, A and B and radius R. To measure quality of the
solution measures are calculated, given the source cylinder is described by two points Ay, B,
and radius Rs. The first set of measures are simple differences — Formulas [6.8] [6.9] [6.10] A
proper estimation of cylinder axis followed by improper estimation of cylinder ends location
may lead to similar delta values as wrong axis angle estimation, despite the second case
can be considered as worse than the first one. Correction of cylinder length when proper
axis is known requires local search in single dimension performed for both ends, correction

of the axis requires the local search of both points position, hence scanning all 6 degrees of
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freedom. To estimate quality of axis estimation three additional measures are used. DistErr
is a distance between cylinder end points and axis of source cylinder — Formulas [6.13] [6-14]
AxisErr is an angle between a source cylinder direction vector and a reconstructed cylinder
direction vector — Formula

AA=|A— A (6.8)
AB =|B - B,| (6.9)
AR = |R — Ry| (6.10)

. Bs _ As
DZTS = m (611)

, B-A

Dir B— 4] (6.12)
DistErr(A) = |(A — As) — ((A— As) - Dirs) Dirg| (6.13)
DistErr(B) = |(B — As) — ((B — As) - Dirg) Dirs| (6.14)
AzisErr = @QCOS(DW - Diry) (6.15)

™



Chapter 7

Automated, Skeletonization-Based

Truss Recognition

In this chapter recognition algorithm based on the mesh skeletonization algorithm is
described. Approach uses skeletonization to determine the initial geometry, which is refined
using an evolutionary algorithm. Details of each algorithm step are provided and verifica-
tion methodology for case studies is proposed. Presented research was published [72].

The recognition algorithm uses few distinctive steps, as seen in Figure[7.1] The input of
the algorithm is both the input data and the resulting mesh of the structural optimization
system. The sample input for the algorithm, created using FreeCAD software, is provided
in Figure [7.2] The first step is the extraction of the area of interest. The result of the
structural optimization contains the whole optimization domain, which may include areas
excluded from optimization. Those areas are both positive and negative exclusions, that
is, areas which contain material that must not be removed, such as attachment points
and areas which must not contain material, such as holes for screws or those occupied
by elements that are not a subject of the optimization. Areas which contain material and
are excluded from optimization are removed from the input mesh—a parametric model
for those already exists as an input for the algorithm so there is no need to re-import it
to the CAD system. The definition of areas excluded from optimization is taken from the
input of the structural optimization system. The second step is skeletonization. The mesh
skeleton is obtained, processed and used in the next step to generate the initial solution.
The solution is then iteratively refined using a heuristic optimization approach. The refined

solution is converted to a format that can be imported to the CAD system—FreeCAD.



CHAPTER 7. AUTOMATED, SKELETONIZATION-BASED TRUSS RECOGNITI(BY

Preprocessing

Removal of areas excluded from
the optimization.

AN
Mean curvature flow algorithm is
used to extract the skeleton
graph.

Skeletonization

Skeleton is processed and
[Generate Initial Solution converted into an initial parametric
solution.

Ewolutionary Algorithm tries to
improve the solution using a local Heuristic Refinement Step)
seach approach.

Y

< found better solution?

no

Y The solution is converted into a
CAD Output Python script which can be
executed in a FreeCAD software.

FiGure 7.1. Activity diagram of the feature recognition algorithm. Preprocessing and skeletonization
steps lead to an initial solution, which is refined using a heuristic approach.

FIGURE 7.2. Example of feature recognition algorithm input. (a,b) Input of the structural optimization
algorithm, as seen in the CAD system. (a) Optimized object and optimization domain boundary.
(b) Optimized object and three boundary condition areas, which in this particular case are also areas
excluded from optimization. Bottom: structural optimization output. (c¢) Raw surface mesh. (d) Surface
mesh smoothed, only for visualization purposes.
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7.1 Preprocessing

The output of the structural optimization is a triangulated mesh, ready to use by the
truss recognition algorithm. The first step is the removal of areas defined in the optimization
task as being excluded from the optimization. Those areas, in practice, contain attachment
points that must be preserved throughout the whole process and are not subject to either
structural optimization or feature recognition.

The removal of the excluded areas is performed by the structural optimization software
by generating a mesh consisting of all the points that do not belong to the excluded areas.
Using the same generator as used for the structural optimization results is important to
preserve the mesh points density, which is also important in the next steps of the algorithm.
A constant mesh vertex density improves the reliability of the mesh skeletonization and
is required later by the refinement step to calculate the score of each candidate. Initially,
an algorithm provided by CGAL library was used, but re-meshing applied by it altered
the mesh density which, in turn, decreased the quality of the next steps of the feature

recognition process. A comparison of both approaches is illustrated in Figure [7.3]

7.2 Skeletonization

The mesh skeletonization is performed using the mean curvature skeleton algorithm |73}
74]. Unlike other approaches, such as the algorithm used in [23|, the mean curvature
skeleton output is a graph representing the mesh skeleton and there is no need for additional
processing. The skeletonization algorithm works really well with a biomimetic optimization
output despite the jagged surface of the resulting mesh. There are no disconnected areas
or undesirable skeleton curves. Such artifacts are often presented in skeletons obtained by
techniques based on morphological filtering, as seen in [9,75]. As shown during prepro-
cessing, the skeletonization algorithm is sensitive to mesh density. The resolution of the
skeletonization can be increased by increasing the mesh density using a loop subdivision
algorithm [76]. The performed tests showed no improvement of the initial solution’s quality
when using higher resolution meshes, but the skeletonization time increased greatly. Hence,
the mesh returned by a mesh generator from a structural optimization system is used as-is

for the skeletonization algorithm input. Sample meshes with matching skeletons are shown
in Figure [7.4]



7.3. Skeleton Processing 34

TR

s N 7

AL Y o
P S
NP
N
X))
PN Nrary
I~ e
29/
v
=
|

5
(s
1y
-

(TER e L,
Wers. ol
Wi, =
‘:{\‘""ﬁahla’h

FIGURE 7.3. Impact of mesh density on skeletonization algorithm. (a) Mesh preprocessed with CGAL
algorithms to perform removal of areas excluded from optimization. (b) Skeleton generated for (a) mesh.
One of the structural elements completely collapsed. (c¢) Mesh with removed areas excluded from
optimization using mesh generator from structural optimization system. Mesh retained vertex density.
(d) Skeleton generated for (c) mesh.

There was no attempt to improve the skeleton alignment inside the mesh. Although this
would improve the initial solution quality, for proof of concept work, this part is considered

redundant. The refinement step, performed next, should yield similar results.

7.3 Skeleton Processing

The graph representing the skeletonized mesh is processed to obtain the initial solution.
This process has a single configuration variable: the minimum path length. In the first step
of the process, all paths between the graph’s loose nodes (with a single edge) or intersection
nodes (with more than two edges) are calculated. Those paths are either replaced with
single edges, or, if the path curvature is high enough, with a series of edges approximating
the path. A biomimetic approach used as an input of the recognition algorithm yields a
porous and unstable structure in areas where the mesh resolution is insufficient to represent

the fine microstructure present in the analytical solution, as shown in Figure [7.5] This
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phenomenon justifies filtering out such porous structures in the initial solution. Hence, all
edges shorter than the given minimum path length are collapsed. This also enables some
degree of solution resolution control—a high value of minimum path length simplifies
topology by collapsing the fine details. Sample data illustrating the whole process are
illustrated in Figure[7.6] Finally, the graph obtained this way is converted into the initial
solution by assigning the default radius to each graph edge.

FIGURE 7.4. (a,c) Example output meshes from topology optimization system. (b,d) Skeletons generated
for corresponding meshes.

Ficure 7.5. Justification for skeleton filtering: single detail of the structural optimization output and
corresponding skeleton for 3 consecutive optimization steps. (a,c,e) Details of structural optimization
output with skeletons drawn over. (b,d,f) Details on the left with smoothing applied, for visualization
purposes only, with skeletons drawn over. Detail represents an unstable region of the optimization domain—
the porous structure appears and disappears because a mesh density is too low to converge to the stable
state.
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FIGURE 7.6. (a) Optimized cantilever beam. Mesh was created out of a 2D image by extruding it. Skeleton
generated for the shown mesh is drawn over. (b) Initial solution generated from processed skeleton. Two
skeleton edges were below the minimum length threshold and collapsed. Bottom-right node of the solution
graph was generated by splitting an edge of the skeleton graph.

7.4 Heuristic Refinement

The initial solution obtained from the skeletonized and processed output needs further
refinement. This refinement is performed using an evolutionary algorithm that iteratively
improves the solution. Unlike the biomimetic structural optimization, the iterative algo-
rithm is based on a theoretical mathematical model proved to be valid, and the proposed
solution is heuristic and created experimentally. The algorithm is designed to be fast, and
the trade-off is reduced accuracy.

The evolutionary algorithm requires the definition of the Fitness Function to calculate
a score for each candidate and select the best one. The Fitness Function must be quick to
compute and at the same time accurate to enable visiting many candidates in a short time.
The optimal solution of a feature recognition algorithm is a set of features that completely
fill the volume of input data and do not exceed it. Scoring based on volume requires the
time-consuming operation of intersecting the input mesh with the scored solution to find
differences. The optimization of this approach uses a mesh discretized using a slice-based
approach and comparing discrete sets of points. This approach has O(n?) complexity, so
a more efficient but less precise approach was used. As the algorithm operates on the
surface, the not-volumetric, mesh, surface-based approach was also used for the Fitness
Function. Two sets of points are calculated: control points and guide points. Control points
are points on a mesh surface that are used to determine how close a solution’s surface is
to the input surface. A set of guide points is obtained by the morphology dilation of the
input mesh. The size of the dilation is an input parameter of the algorithm. Details of the

mesh surrounded by the guide points are shown in Figure [7.7]
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FIGURE 7.7. Detail of the input mesh surrounded by guide points (pink). Fitness Function yields positive
score for aligning solution to the mesh surface and gives penalty for including guide points.

The Fitness Function is calculated for a solution consisting of the set of elements, E,
the given set of control mesh points, P, and guide points, G. Surface distance(p,e) is
a function that returns the Fuclidean distance between element e’s surface and point p.

is_inside(p,e) is 1 if the point p is inside geometry g, and is otherwise 0.

Spositive = Z vrgé% sur face_distance(p, e)? (7.1)
peEP
Shegative = min —(surface_distance(g, e) xis_inside(g, €))? (7.2)
el VeeE
Fitness = aSpositive + ﬂSnegative (73)

The solution is scored positively for the matching input surface and is penalized for
enveloping guide points and taking more volume than required. Both positive and negative
scores are aggregated using weights, o and 3, used to equalize imbalances in the size of two
sets. For tests, « = 1 and 8 = 50 were used. To increase performance, for each evolutionary
algorithm iteration, a subset of both sets was generated. A total of 20% of mesh points and
4% of guide points were randomly selected. The size of the guide set is five times smaller
than the size of the control points so, effectively, the weight of the negative score was
ten times higher than the positive. It is important to note that this approach works well
because the input mesh, obtained from the mesh generator, which is part of the structural
optimization algorithm, is built from regularly spaced elements. Without this feature, an
extra algorithm step would be required to ensure that the mesh vertices are equally spaced
and uniformly cover the mesh surface.

The evolutionary algorithm works iteratively, creating a set of candidates using random
sampling of a solution neighborhood space using two available operations. In the descrip-

tions, N(u1, 0%) is the function returning the normally distributed random value. The first
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operation is moving one randomly taken solution graph node by random vector

N(O’ Ugir)
v = |N(0.0%) (7.4)
N(07 O-z%ir)

o4ir 18 a parameter of an algorithm. Second is the changing radius of the random cylinder
by N(0,02). o, is a parameter of an algorithm. Fach candidate solution is created by
applying random operations 1 to 5 times. A moving graph node has twice the probability
of being applied than a changing radius. All candidate solutions are scored using a Fitness
Function and the best one is returned. A single iteration visits 5000 solutions. The stop
criterion is exceeding the pre-set number of iterations or there being no improvement after
20 iterations.

Although the current implementation reconstructs the optimized object using cylinders,
the refinement step was designed to work with any part. A framework built in this way
allows an easy change of structural element to, i.e. square beam, or the use of curved
elements. The cylinder was chosen for proof of concept work because it has fewer degrees

of freedom than other structural elements.

7.5 Postprocessing and CAD Integration

The refined mesh is converted into a format that can be imported into CAD software.
FreeCAD was selected because of a non-proprietary license and extensive documentation.
The results are converted into a Python script that uses FreeCAD’s API |77] to create
parts consisting of cylinders.

Additionally, the export script creates spheres at each node to ensure a proper connec-
tion between cylinders, as shown in Figure [7.8] The radius of each sphere is 110% of the
biggest radius of the element connected to the node. The extra margin was added to avoid
numeric errors reported by CAD software when fusing elements with a similar radius to
produce the final mesh. Note that those spheres are only added in the final step and are
not part of the 'main’ geometry. Hence, to simplify the calculation of the Fitness Function,
it was decided to ignore those extra parts during the refinement step, despite the fact that

they contribute to the overall volume and mass of the model.
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FI1GUrE 7.8. (a) Extracted features exported to CAD as cylinders. Partial connections between elements
are visible. (b) The same features exported as cylinders with additional spheres at the ends. All elements
are fully connected.

An alternative output is the implementation of producing a set of IGES (Initial Graph-
ics Exchange Specification) format files, which provides a vendor-neutral way of importing

object information into CAD systems.

7.6 Solution Verification—Methodology

The Fitness Function defined for the evolutionary algorithm used during refinement
step cannot be used to measure the quality of the solution. The Fitness Function is used
to heuristically compare solution candidates but does not have the information if the
mechanical properties of the solution match ones of the input mesh. Solution verification is
performed by computing the same measures for two objects—the structural optimization
result, which is also an input for the feature recognition system, and the reconstructed
parametric solution, exported from the CAD system as an STL mesh.

The first compared measure is the total mass of an object. Objects reconstructed in
CAD should not have a bigger mass than the source objects, so the mass of the object after
the structural optimization is compared with the mass of the reconstructed object exported
from the CAD system. The mass is calculated using the density of the material and the
volume of the mesh. The density is an input parameter of the optimization process and
the volume is calculated using a volumetric mesh generator, which is part of the structural
optimization system. The volume of all constituent mesh cells is summed to get the total
mesh volume.

The surface energy value, which is equalized during structural optimization, is selected
in such a way that the von Mises stress does not exceed the critical value. Fulfilling the
von Mises yield criterion guarantees structural integrity under the load of the optimization
results. A second test is performed to prove that the von Mises stress in a reconstructed
object does not exceed the maximum von Mises stress present in the structural optimization
results. To obtain a stress distribution, the object is exported from CAD and loaded back
into the structural optimization system. The exported surface mesh is first converted into
a volumetric mesh and then into Finite Elements Method input data. A static elasticity
calculation is performed using FrontISTR software . The maximal value of the von
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Mises stress is obtained and the stress distribution is analyzed. Together with the values of
the von Mises stress, the displacement data were obtained. Using mesh displacements, the
maximum deflection under load is calculated. Despite it providing no extra information
compared to von Mises stress, the maximum deflection is a value often used in engineering
analysis, so it is also presented. In case of multiple load scenarios, tests must be performed
for each scenario independently.

The presented solution verification has been performed for both cases described below.



Chapter 8

Application of the parametric model

in the hybrid approach

The research described so far was mainly focused on the algorithmic aspects of para-
metric model building. In this chapter research takes a different direction and research is
focused on the industrialization potential of the researched parametric model. Practical
knowledge obtained during research projects is used to analyze demands. Based on that
an innovative workflow that uses a hybrid approach is proposed. In the holistic view of
the mechanical design process, structural optimization breaks the flow centered around
the CAD software. Finite elements mesh from the structural optimization system cannot
be easily altered. Mesh morphing operations are possible and there are dedicated tools
allowing it, such as Autodesk Meshmixer 79]. With a rapid spreading and an advancement
of additive manufacturing technologies one may consider a CAD processing, required
for the manufacturing preparation, redundant or even obsolete. Virtually every additive
manufacturing machine requires a dedicated software, which translates job into a set of
machine codes for a device. Majority of software is able to accept the input data in a STL
format, which became de facto standard interchange format in an additive manufacturing
area. This means a mesh obtained from the structural optimization system no longer needs
the parametric model, as a surface smoothing is the only processing required to prepare the
model. In practice, however, limitations of the manufacturing techniques require the proper
model processing step. Moreover, the proper mechanical design requires multiple prototype
stages, where different manufacturing techniques are used, with different limitations. Each
requires dedicated model preparation. The inability to adjust parametric models makes
work to prepare the mesh for manufacturing laborious. Manual mesh sculpting operations
require experience and repeatability of the work is low — every software operator will do
this in a slightly different way. The parametric CAD model, on the other hand, allows
altering the model in a standard way, leading to consistent results. Changes on a base
parametric model can be applied independently to accommodate multiple manufacturing
techniques with different limitations. The more complex the parametric model is, the
better it reflects intrinsic complexity of structural optimization results. The trade-off is
an ability to introduce changes. On the one end of the spectrum are parametric models

created with techniques using cubic B-spline surfaces. With such a mathematical model it
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is possible to perfectly reflect the results of the structural optimization. On the other hand
introducing changes in a model is as difficult as with finite elements mesh and requires
considerable experience. The opposite philosophy is embraced by approaches reconstructing
source models from a set of primitive geometries. Beam model being extreme. Loss of details
is offset by an ability to easily change the parametric model. The approach presented in
previous chapters belongs to this family of approaches. Reconstructing the model as a
truss leads to an inevitable loss of details, but the parametric model, after import to the
CAD system, is convenient to change. In the BioniAMoto project a biomimetic structural
optimization system is used to prepare lightweight structural nodes for the automotive
industry. Prototypes are prepared using surface smoothing and mesh logic operations [80].
Two manufacturing technologies are considered. The direct manufacturing is done using
the Laser Metal Powder Bed Fusion (LM-PBF) technology. Second, indirect, approach
uses the Laser Polymer Powder Bed Fusion (LP-PBF) technology to create the initial
model which is used, in turn, to create a mold used for the manufacturing using an
Injection Molding (IM). Both methods have different limitations, but the shared feature
is limitation of the minimal element diameter. For both methods the cause is different - in
the LM-PBF thermal stress may lead to deformation of small elements, in the IM liquid
metal flow properties enforce minimal element sizes. Preparing the optimization output
for manufacturing is time consuming and tedious operation, and when elements are small
there were cases, when technicians decided to remove small parts instead enlarging them to
meet manufacturing requirements. Proposed workflow should aim to reduce human effort
required to perform such tasks. To sum up, main assumption underlying the workflow are

following:

e Focus on the Additive Manufacturing preparation process. Family of AM approaches
share common, well identified limitations. Minimal element size requirement is the
one that’s the most pronounced during the preparation of structural optimization
results. Chip removal manufacturing approaches require different processing and are

not part of this research.

e Reduction of human effort required for the model preparation. Commonly used mesh
smoothing, despite benefits such as preservation of complex structure of the input
object, makes any change in mesh difficult. Standard industrial approach using the
parametric model in a CAD system saves resources and allows better quality control

of the final product.

e Automation of manual tasks. When limitations are known it is possible to apply them
automatically on the parametric model. Ideally the structural optimization software
itself should produce the result considering limitations of the manufacturing process.

In practice this task is part of the model preparation step.

e Additive nature of mesh processing. Preparation of a mesh for the manufacturing
process consists mostly of adding volute to the mesh. Elements are thickened or
supporting structures are added to decrease the amount of supports required. One

exception to this observation is reshaping the top surface of holes in PBF techniques
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into 'drop’ shape to remove need for supports. In general operations decreasing mesh
volume degrade mechanical properties of the element and should be avoided hence

are disregarded in this research.

Considering both specific of the researched, truss based, parametric models and practical
considerations learned from prior experience in the BioniAMoto project hybrid workflow is
proposed. Figure[B:I]depicts proposed workflow. Optimized element is prepared in the CAD
system and the structural optimization step is performed as usual. Next step is extraction of
the area excluded from the optimization. Mesh binary operation is performed as described
in the Chapter [} As the input data contains all information required to perform this
task it can be fully automated. After the extraction is done, the process forks into two
independent paths. First one is the classical approach — the mesh smoothing, which can be
performed automatically, based on pre-defined settings based on the specifics of both the
optimization process and desired manufacturing process. Second path uses the researched
parametric model recognition which extracts the CAD model from the input mesh. Change
introduced to this process is an automated step after the refinement. Minimal element size
constraints are applied to the extracted parametric model. This path also includes manual
model validation in the CAD system. In this step the operator can apply additional changes
or correct the parametric model if it finds it needed. The workflow assumes the additive
nature of such changes. The CAD model, at the end of this fork, is converted back into
a finite element mesh. Meshes from both paths are fused together and then fused with
areas excluded from the optimization. The final mesh is evaluated, any additional changes
require going back to the Manual Model Validation step and redoing changes. The result
mesh containg both manufacturing method restrictions applied to the extracted parametric
model and fine details of the smoother mesh, not captured by the feature recognition system
such as complex geometries around mesh nodes. The new idea, introduced in the proposed
approach, automates the majority of steps required of the mesh preparation workflow.
Synergistic application of two completely different approaches allows to retain complex

mesh while allowing easy additive changes to the mesh using a CAD systerm.
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Ficure 8.1. Proposed hybrid workflow integrating structural optimization process with additive
manufacturing using both mesh smoothing and feature recognition approach. Highlighted manual steps of
the workflow.




Chapter 9

Results

This chapter consists of four sections, each presents results of research described in
previous chapters. The first section presents changes applied to the mesh generator. Second
section shows the Hough Transformation algorithm applied to both test data created
in a CAD software and the real samples from the biomimetic structural optimization
system. Third section presents a parametric model generated by the skeletonization-based
approach for test cases analyzed in the available literature and for industrial application
from the BioniAMoto project. In the Fourth section the proposed workflow is applied to

the structural optimization output.
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9.1 Changes in the Mesh Generator Tool

Two directions of changes in the mesh generator were selected. The first improvement
was an implementation of the mesh correction step to remove non-manifold elements by
adding additional volume to the mesh. The second change was the extension of structural
elements to allow more complex shapes. Algorithm for correction of non-manifold mesh
elements was implemented and additional volume elements were added to places where
manifold edges are detected. Mesh generator was extended with the support of a partial
structural element used for the mesh building process.

Rat bone micro-CT, same used for an evaluation of the mesh generator, was used to test
the correction algorithm. Mesh analysis with the FreeCAD Mesh Evaluator was performed,
results are shown in Figure[0.1] The detail of a corrected mesh with non-manifold issue is
shown in Figure[9.2] Analysis of the mesh generated with the corrected generator indicates
no issues which allows further processing of the mesh with appropriate algorithms. The
increase of the structural elements variety in the mesh generator greatly increased the
quality of the mesh. Increased source data mapping capabilities are shown in Figure [0.3]
and smoother surface of an output mesh is shown in Figure Moreover, Laplacian
Smoothing applied to data of higher quality now produces smooth meshes, unlike applied
to the original mesh (Figure [9.5).

Evaluate Repair Mesh &
Mesh information
| remesh-0000-full-correction | pesoblec= 142408
Mumber of edges: 1863612
| sensd | Number of pints: 618650
Orientation
No fipped normals | anabyze || Repair
fipped ! Iy n
Duplicated faces
Mo duplicated faces | anadyze || Repar
d d fa | hyze | n
Duplicated points
No duplicated points | anayze || Repar
[ No duplicated poi | lyze | pai
Non-manifalds
Mo non-manifolds Analyze Repair
ifold: | ly | D
Degenerated faces
Mo degenerations | An; | Repair
deg: | lyze pai
Face indices
Mo invalid indices | Analyze Repair
lid indi ly pai
Self-intersections
Mo self-intersections Analyze Repair
If- | ly: pai
All above tests together
D Repetitive repair | Analyze | Repair

FI1GURE 9.1. The result of analysis with FreeCAD Mesh Evaluator of the mesh generated for micro-CT
of rat bone. Analysis indicated no mesh issues.
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FI1Gure 9.2. Showcase of the non-manifold repair algorithm on a mesh detail. (a) The original mesh,
the non-manifold edge highlighted in red. (b) The corrected mesh. Additional volume in the area of the
non-manifold edge was added.

Fiaure 9.3. Detail of a mesh generated from rat bone micro-CT showing the quality of input data
mapping. (a) Mesh created with the original mesh generator. (b) Mesh created with the new mesh
generator. Addition of new structural elements enables better mapping of the input data into the output
mesh.
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FIGURE 9.4. Detail of a mesh generated from rat bone micro-CT showing the surface quality of a mesh. (a)
Mesh created with the original mesh generator. (b) Mesh created with the new mesh generator. Addition
of new structural elements allows better surface mapping.
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FIGURE 9.5. Mesh detail, same as in Figureafter 100 iterations of the Laplacian Smoothing algorithm.
(a) Mesh created with the original mesh generator. (b) Mesh created with the new mesh generator.
Smoother surface of the input data results helps to achieve better results after smoothing.
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9.2 3D Shape Recognition using Hough Transform

9.2.1 Case Study 1—Single Capped Cylinder

First case study was a feature recognition run for a single cylinder with rounded sides
(capped) created using FreeCAD Software As only the cylinder surface is recognised by
the algorithm, the used shape will be called cylinder in the following text. Cylinder radius
was 10mm, height 40mm. Caps on both ends added 2.5 from each side. Axis direction was
vector * = 1,y = /2,2 = 1. This test had a dual purpose. First goal was to validate
the proper algorithm operation. It was based on the assumption, that parametric model
converted to triangulated mesh, generated by available algorithms, conforms to the main
observation underling used algorithm - direction vectors of normals of side faces of the
cylinder form a circle which is an intersection of the Gaussian sphere and the plane normal
to the cylinder axis. Second was to confirm that the algorithm properly operates using the
mesh generated by the structural optimization mesh generator. Results obtained for such

mesh were compared with results obtained in the first part of a test.

F1Gure 9.6. Parametric model of the element used for the first test. Sketch on the left was extruded by
rotation around the vertical axis to obtain the element on the right.

First test was run for the parametric model directly exported from FreeCAD as STL
mesh using default settings. Mesh is visible in Figure[9.7] This mesh contains faces of varied
sizes - the side of cylinders contains big elements while ends are built of a large number of
faces. Fach face contributes the same value to the accumulator because the algorithm was
designed to work with structural optimization output mesh which contains faces of similar
sizes 80 no correction was considered. To run tests on mesh that has faces on uniform size
alternative meshing of the parametric model was used. Two meshing algorithms, available
in FreeCAD, were used. First was generated using the Mefisto Mesher [81] algorithm and
the second was generated using the gmsh MeshAdapt algorithm [66]. Both algorithms
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take element size as an input. For Mefisto Mesher it is a single value which was set to
0.4mm. MeshAdapt takes min and max values which were set, respectively, to 0.3mm
and 0.4mm. Outputs of mesh generators are shown in Figure [0.8 It is worth noticing
MeshAdapt generated mesh with irregular surface and elements of roughly equal sizes.
Mefisto Mesher, on the other hand, generated regular mesh, but with element size way
smaller than requested - equilateral triangles on a side surface of the mesh have side length

of 0.3mm. Elements near the ends of the cylinder have a high aspect ratio.
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FIGURE 9.7. (a) Mesh generated for the parametric model of the test cylinder using the default export
settings in FreeCAD software. The side surface consists of big, high aspect ratio elements while the ends
contain very detailed, small elements. (b) Detail of the cylinder end. Faces of varied size, with high aspect
ratio, are visible.
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FIGURE 9.8. Meshes for the parametric cylinder generated using (a) Mefisto Mesher and (b) MeshAdapt
algorithms. Both meshes were generated for element size = 0.4mm.

The mesh created using the mesh generator from the structural optimization system
was generated using an STL file exported from FreeCAD software. Mesh was sliced into
100 slices. The total element height was 30mm, so size of face was between % = 0.3mm
and 2% = 4.24mm. This gives the same element sizes as in two meshes generated
earlier. Mesh generated this way consists of faces that have a limited set of possible spatial
alignments. This means mesh faces do not have the required property of normals pointing
towards the cylinder axis. To fix mesh smoothing was applied, which is standard mesh
post processing technique . Laplacian smoothing, available in the Paraview software,
using default settings and 200 iterations was applied, as shown in Figure 0.9 The used

algorithm has a major drawback - causes volume shrink, but is readily available and fast
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so it was considered sufficient for the initial testing phase.

FIGURE 9.9. Meshes for the parametric cylinder generated using the mesh generator from the structural
optimization system. The parametric model exported as an STL file was used as an input. (a) Direct
output. (b) Output with Laplacian Smoothing algorithm applied.

Meshes generated with selected algorithms were used as input of the feature recognition
algorithm. Parameters of extracted features are in Table[0.I]and differences between source
data and extracted features are in Table[9.2] As the first stage of recognition is critical and
any error introduced there is further propagated in subsequent stages of the algorithm,
Hough accumulators generated at this step are useful for visual inspection of algorithm’s
behavior — Figure [0.10] For completeness the accumulator calculated for mesh directly
obtained from structural optimizer mesh generator is also shown. It is visible how a limited
set of face orientation makes application of feature recognition impossible without data pre-
processing. Results for the first algorithm, Mefisto Mesher, are very interesting - magnified
detail of Hough accumulator for the direction estimation step is on Figure 0.I1} Mesh
generated by this algorithm doesn’t meet the assumption underlying feature recognition
algorithm - faces on a side of the cylinder are slightly slanted and circles in Hough
accumulator ‘miss’ the right point. Because the maximum value from the accumulator
is not a single point, but also includes the neighborhood, this phenomenon is compensated
and the axis is correctly estimated as a center of the circle. This shows sensitivity of the
feature recognition algorithm to input data. On the other hand this particular problem
can be solved by Laplacian smoothing to obtain the perfect mesh alignment. For the
MeshAdapt algorithm minimal error was obtained, error is slightly higher than for the
Mephisto Mesher algorithm. In the Hough accumulator all values are concentrated around
the right value. Results for the smoothed mesh from the structural optimizer were the
worst but still in acceptable range. Radius detected for this mesh is smaller than actual
which can be attributed to volume shrink inherent to the used smoothing method.

TABLE 9.1. Comparison of the source cylinder parameters with the results of the algorithm for three
different mesh generators.

A B Radius
Source (0,0,0) (20, 28.23, 20) 5
Mefisto Mesher  (—0.181, —0.157,—0.069)  (20.07,28.28,19.94) 5
MeshAdapt  (—0.180, —0.156, —0.068)  (20.19, 28.45, 20.07) 5

Optimizer (—0.387,—0.26, —0.245)  (20.16,28.22,20.17) 4.9375
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TABLE 9.2. Proposed quality measures calculated for three input meshes.

AA DirErr(a) AB DirErr(b)  AzisErr
Mefisto Mesher 0.249 0.080 0.14 0.114 0.253
MeshAdapt 0.248 0.080 0.199 0.116 0.253
Optimizer 0.526 0.166 0.135 0.130 0.389
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Ficure 9.10. Hough space accumulators obtained for the first step of the algorithm - the direction
estimation. (a) Mefisto Mesher. ((b)) MeshAdapt. ((c)) Structural Optimizer Mesh Generator. (d)
Structural Optimizer Mesh Generator with Laplacian smoothing. Detection based on Structural Optimizer
Mesh Generator output is impossible but smoothing mesh fixes this problem.
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Fiaure 9.11. (a) Magnification of Hough space accumulator area corresponding to the cylinder axis
obtained for the mesh generated with the Mephisto Mesher algorithm. Circular region indicates that the
mesh generated with this algorithm contains some issue. (b) Magnification of the surface of the cylinder
mesh generated with the Mephisto Mesher algorithm. Red line is the surface of the parametric cylinder.
Visual inspection indicates surface faces are slightly angled which explains the obtained pattern in the
accumulator.

9.2.2 Case Study 2—Complex Parametric Object

Second test was run on parametric object design in a cad system to test algorithm
features not tested in the first series of tests. Object used is shown in a Figure [0.12]
Object was designed in the CAD system as a benchmark for the algorithm. It consists of
4 parts. It contains 3 cylinders based on an extruded circle and one based on an extruded
ellipse with major axis a = 4.8mm and eccentricity ¢ = 0.85. All features had rounded
ends, as described before, to avoid algorithm issues with planes in the input data. Ellipse
was added to test the algorithm’s behavior for non-circular features. Two cylinders had
similar axes, angle between them is 3°. One was much bigger (R = 5mm,h = 40mm)
than the other (R = 3mm,h = 25mm). It is possible for a bigger object to “shadow” a
smaller one during the Orientation Estimation step, making detection using a single pass
of the Orientation Estimation step impossible. Successful detection therefore justifies this
difference in implementation compared to the [62]. Previous tests demonstrated adequate
behavior for those meshes, there was no need to run more tests on the perfect data obtained
by meshing the parametric model. The mesh generated by the structural optimization
system was used with three different levels of smoothing applied as a mesh preprocessing
step. The Laplacian smoothing algorithm was applied using 100, 200 and 500 iterations.

Source mesh and smoothed meshes are in Figure[9.13
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Ficure 9.12. Parametric object used in Case Study 2. The shape was designed to test the feature
recognition algorithm on a more complex data than a simple cylinder before testing on a real data. Big
and small cylinders are not collinear, there is 3° of a difference between axes.
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FIGURE 9.13. A detail of the input mesh. (a) Directly from the structural optimizer mesh generator. (b, c,
d) Post-processed using the Laplacian smoothing algorithm with 100, 200 and 500 iterations respectively.
As a surface smoothness increases fine details are lost.

For each mesh feature recognition algorithm was run and recognition accuracy was
computed. Parametric model generated for each mesh is shown in Figure[@.14]and accuracy

measures are in Tables[0.3] [0.3] 0:5] Algorithm detects cylinders with circular cross-section

without issues. Two cylinders with closely aligned axes are estimated correctly. Figure

and Figure[0.16show progress of the algorithm. Initial Hough space accumulator shows only
single response at area corresponding to two cylinder axes due to noise in the input data. In
each test elliptical elements were estimated incorrectly. Axis was estimated correctly, but
the circle detection algorithm is not able to properly recognise ellipses. Elliptical element
for the mesh with 100 iterations of the Laplacian Smoothing was estimated as a cylinder

with the radius of 4.625mm which is close to the value of the ellipse major axis - 4.8mm.
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As the smoothing increases the elliptical element estimation accuracy decreases. Algorithm
detects one side of an ellipse as part of a big cylinder. Effect of the pre-processing of finite
elements mesh is clearly visible in results. As more smoothing is applied, axes estimation
accuracy increases but volume shrinkage becomes prominent as radius estimation accuracy
decreases - radiuses values are underestimated. Nevertheless for the next tests a smoothing
value of 500 is used. The right axis estimation is considered more important for the feature
recognition as incorrect radius can be easily corrected in the parametric model in CAD

software.

F1aure 9.14. Results of the feature detection for the input mesh processed with the Laplacian smoothing
using (a) 100 iterations, (b) 200 iterations, (b) 500 iterations. Input parametric model in light gray,
reconstructed parametric model in dark gray. The biggest feature in (a) consists of two elements. The
horizontal feature with an elliptical cross-section in both (b) and (c) was detected as a part of a bigger
cylinder instead.

TABLE 9.3. Accuracy measures calculated for the Case Study 2 results for the mesh processed with 100
iterations of the Laplacian Smoothing algorithm

AA DirErr(a) AB DirErr(b) AxisErr R AR
Part 1 0.99 0.79 1.53 1.50 3.17 4.938 0.063
Part 2 2.7 2.47 1.65 1.24 4.95 4.625 —
Part 3 1.88 1.63 0.97 0.64 4.99 2.938 0.063
Part 4 0.23 0.18 3.14 3.13 4.68 2.375 0.125

TABLE 9.4. Accuracy measures calculated for the Case Study 2 results for the mesh processed with 200
iterations of the Laplacian Smoothing algorithm.

AA DirErr(a) AB DirErr(b) AxisErr R AR
Part 1 0.49 0.31 0.34 0.24 0.25 4.875 0.125
Part 2 3.22 3.00 3.88 3.78 1.06 5.936 —
Part 3 0.95 0.31 0.92 0.26 0.35 2.875 0.125

Part 4 0.30 0.30 0.32 0.21 0.25 2.375 0.125
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TABLE 9.5. Accuracy measures calculated for the Case Study 2 results for the mesh processed with 500
iterations of the Laplacian Smoothing algorithm. As the input mesh smoothing increases so does the axis
detection accuracy, but volume shrinkage is noticeable as radiuses are underestimated. Element 2, with

elliptical cross-section, is incorrectly estimated and error increases as more smoothing is applied.

AA DirErr(a) AB DirErr(b) AxisErr R AR
Part 1 0.28 0.26 0.60 0.37 0.57 4.88 0.125
Part 2 4.79 4.70 4.85 4.82 0.19 7.06 —
Part 3 0.69 0.68 1.27 0.26 0.42 2.88 0.125
Part 4 0.35 0.30 0.20 0.12 0.26 231 0.1875

F1GURE 9.15. Progress of feature detection algorithm for the mesh after 500 iterations of the Laplacian
Smoothing. The hough space accumulator for the initial state (a) and after the first iteration (c). Initial
mesh as a points cloud (b) and mesh as a points cloud after the first iteration (d). Removal of the feature
detected during the first step uncovered another feature, previously hidden under votes generated by the
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FI1GURE 9.16. Progress of the feature detection algorithm for the mesh after 500 iterations of the Laplacian
Smoothing. The hough space accumulator for the state before the third iteration (a) and after the third
iteration (c). Mesh before the third iteration as a points cloud (b) and mesh as a points cloud after the
third iteration (d).

9.2.3 Case Study 3—Optimized Cantilever Beams

The third series of tests has been run using the actual output of the structural opti-
mization system. Four different results of cantilever beam optimization were selected. All
data sets were obtained for the steel bar of size 1000mm x 20mm x 20mm, attached on one
end and loaded on the other. Optimizations were performed with the biomimetic structural
optimizer for different load conditions and domain sizes during optimizer tests. Meshes for
tests were selected to include meshes with simple topologies such as 4 straight bars (Mesh
1), 3 bars, one splitted in % of the length (Mesh 2), complex topology with five support
points (Mesh 3). Last mesh is the classical cantilever beam optimization in domain limited
to two dimensions (Mesh 4). All meshes were pre-processed using the Laplacian smoothing

algorithm. All test meshes are shown in Figure [0.17]
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FiGURE 9.17. Test data used for feature recognition in Test Case 3. All meshes were obtained using the
structural optimization algorithm for the cantilever beam under different input conditions. All meshes were
pre-processed using the Laplacian smoothing algorithm. (a, b, ¢): Test mesh 1. (d, e, f): Test mesh 2. (g,
h, i): Test mesh 3. (j, k, j): Test mesh 4. (a, d, g, j): View of test meshes along the Z axis. (b, e, h, k):
View of test meshes along the X axis. (c, f, i, 1): View of test meshes along the Y axis.

Case Study 3—Mesh 1

The first mesh is the optimization of the cantilever beam for multiple load scenarios.
Two forces, one along X and the other along Y axes were considered. The optimization
domain was big enough to allow formation of a simple solution without the need of
internal microstructure, commonly seen in solutions with the constrained optimization
domain. This mesh was selected as the first test because the solution is very simple — four
bars arranged in the letter X when looking along the 7 axis. Each of the bars appeared
to be straight and roughly cylindrical. The feature recognition algorithm was able to
properly detect mesh features. Parametric model imported into the CAD system is shown
in Figure [0.I8] This particular example shows the importance of the feature recognition
algorithm as a tool for post processing of structural optimization output. Solution that is
considered to be symmetric, in fact, is not. Two bars are visibly thicker than the other pair.
Moreover, as visible in the panel (¢) of Figure bars in the optimization solution are
not straight, but slightly bent. More research is required to compare the implied symmetric

solution with the actually recognised asymmetric.



9.2. 3D Shape Recognition using Hough Transform 59

FIGURE 9.18. (a, b): Parametric model obtained for the Mesh 1. (¢, d): Input mesh (white) overlapping
reconstructed parametric model (black). Although the input mesh looks symmetric to the naked eye, the
feature recognition process uncovered differences in the thickness between elements.

Case Study 3—Mesh 2

The second analyzed mesh was obtained using structural optimization with input
conditions similar to the Mesh 1, but input force directions were randomly altered each
step by small angle resulting in overall sturdier structure, able to sustain loads slightly
different than the one load used for the structural optimization. In this particular run of
the structural optimization algorithm, the resulting mesh was shaped in the letter Y along
the 7 axis. Moreover this test mesh was selected because it exhibits two interesting features,
compared to previous one - one of “legs” is flat and other splits into two in approximately
% of total length. Feature recognition results are visible in Figure The first detected
part is the cylinder visible in the top-right part of the panel (d). It is the only part properly
detected. Other three features were detected with the right axis directions, but the radius
detection failed. Flat surfaces on each of the mesh “legs” were detected as arcs of big
circles causing big errors in resulting parametric models. Sample output of the radius and
position estimation step is shown in Figure [0.20] The algorithm searches for the perfect
circle in the data set to estimate radius and position of the cylinder and it finds a big
radius gets the highest score in a noisy input data. On the other hand orientations were
estimated correctly, so the output of the algorithm is still usable for the semi-automatic
reconstruction in a CAD software. Element containing split wasn’t properly recognised by
the algorithm - incorrectly overestimated cylinder radius resulted in a cylinder covering

the whole feature.
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FIGURE 9.19. Feature recognition results for the Mesh 2. (a, b) Input mesh. (©), (d) Parametric model.
(e, f) Input mesh (white) and parametric model (black) showing feature recognition details. The first
recognised feature was the small cylinder on the top-right part of (d) - both direction and radius were
recognised correctly. Other three features have right axis direction but radius detection algorithm failed.
Slightly curved surfaces of the input mesh were detected as parts of big circles.
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FIGURE 9.20. Mesh surface points projected on the plane normal to the detected cylinder axis (white
dots) and the cylinder estimated using this data (gray) for the third iteration of the algorithm running for
the Mesh 2.

Case Study 3—Mesh 3

Third analyzed mesh is an optimization result obtained for multiple load scenarios with
limited domain. Small numerical error during the initial mesh discretization step caused
high asymmetry of the output mesh. Mesh consists of both cylindrical elements and highly
flattened parts. Feature detection results are in Figure 0.21] It is clearly visible that the
algorithm again fails to properly detect elements with a non-circular cross section. Properly

detected elements were extracted from the parametric model and are visible in Figure[9.22]
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FIGURE 9.21. Feature recognition results for the Mesh 3. (a, b) Input mesh. (¢, d) Parametric model.
(e, f) Input mesh (white) and parametric model (black) showing feature recognition details. The same
problem as with the Mesh 2 appeared, despite some features being recognised correctly. Note how the flat
area on the left side of the mesh (a) was recognised as a cylinder with incorrect axis.
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FIGURE 9.22. Feature recognition results for the Mesh 3 limited to correctly detected features. (a, b)

Parametric model. (c, d) Input mesh (white) and parametric model limited to correctly recognised features
(black).

Case Study 3—Mesh 4

Fourth analyzed mesh is the classical example of 2D cantilever beam with single load.
The algorithm completely fails to detect features, as seen in Figure[0.23] Flat areas interfere
with detection of cylinders. Moreover further smoothing of the mesh is not possible because,
as shown in Figure 0.24] it leads to high volume reduction and overall mesh quality
degradation. In all previous case studies axis estimation was correct and subsequent steps
were failing. As radius and position estimation works on the 2D projection along the
estimated axis it would be easy to replace this step with the more sophisticated approach

detecting other geometries. In this particular case axis estimation is incorrect.
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FIGURE 9.23. (a, b): Parametric model obtained for the Mesh 4. (¢, d): Input mesh (white) overlapping
reconstructed parametric model (black). Algorithm failed completely. Flat sides of the mesh interfered with
the radius estimation algorithm leading to wrong results. Algorithm failed to extract any usable knowledge
from the input data.

FIGURE 9.24. (a) The mesh used for the feature recognition, obtained from the structural optimization
result mesh by applying 500 iterations of the Laplacian Smoothing algorithm. (b) The structural
optimization result mesh after applying 2000 iterations of the Laplacian Smoothing algorithm. Increased
smoothing increases curvature of flat areas, but distorts fine details and greatly decreases overall mesh
volume.

An attempt to manually fix the mesh was made to test if removal of flat areas increases
algorithm accuracy. The algorithm operates on a triangulated surface mesh, hence it is
possible to manually remove triangles that cause issues for the algorithm. To remove flat
areas the Clip data filter in ParaView software was used. This particular filter has the
“crinkle clip” option, which causes the mesh triangles to be kept intact, instead of splitting
them by the clip plane. Two clip filters, one for each side of the input mesh were used. The
result mesh and the parametric model computed for the mesh are in Figure[0.25] Removal
of flat areas not only didn’t help, but also reduced the amount of mesh data points below

a level where the detection is possible.

FIGURE 9.25. An attempt to increase the algorithm accuracy by manually removing flat sides from the
input data. (a) Input mesh. (b) Input mesh (white) overlaid with the parametric model (black). After
removal of mesh sides there are not enough data points to perform the feature recognition.
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9.3 Automated, Skeletonization-Based Truss Recognition

9.3.1 Comparison with the Literature

Process results were tested using two structural optimization solutions for which anal-
ysis has been carried out in the past. First is the output of Bremicker’s cantilever beam
results using the homogenization method . The parametric model for a 2D solution was
provided by [@@], The obtained 2D result was extruded into a 3D mesh. The size of a
bounding box of the mesh was 230 mm x 144 mm x 18 mm. The input mesh, skeletonized
output and initial and refined solutions are visible in Figure [0.26] The obtained skeleton is
noticeably higher quality than the one presented in the original work and allows capturing
of the solution’s topology. The second test is the cantilever beam provided in [@I and also
analyzed in [@]] A similar but not exactly the same part was analyzed in ,. Again, the
2D mesh was extruded and the size of a bounding box of the mesh was 600 mm x 162 mm
x 25 mm. Results are illustrated in Figure[0.27] demonstrating the proper operation of the
feature recognition system. Visual inspection, as demonstrated in Figure [9.28] indicates
the proper operation of the algorithm. The cited research did not perform stress analysis;

hence, it was not performed for the obtained parametric models.

FIGURE 9.26. Bremicker’s cantilever beam processed by the feature recognition algorithm. (a)
Structural optimization result. (b) Skeletonized mesh. (c) Initial parametric solution. (d) Final refined
parametric solution.
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Ficaure 9.27. Gedig’s cantilever beam ﬂ§| processed by the feature recognition algorithm. (a) Structural
optimization result. (b) Skeletonized mesh. (c) Initial parametric solution. (d) Final refined parametric
solution.

FIGURE 9.28. (a,c) Mesh of Bremicker’s cantilever beam (light) overlaid with the reconstructed
parametric model (dark). (b,d) Mesh of Gedig’s cantilever beam [6] (light) overlaid with the reconstructed
parametric model (dark). Both shown cases visually demonstrate the quality of feature recognition results.
In both cases, the reconstructed parametric solution matches the shape of the input.

9.3.2 Case Study 1—Cantilever Bar Bending

The first case is the optimization of loading the steel bar. This is a standard example of
topology optimization and this problem has been solved analytically . The structural
optimization algorithm is used to obtain the input for the feature recognition algorithm,
which was proved to provide the optimal solution [41]. It is important to note that the ex-
amples in the comparison with the literature were performed on extruded 2D optimization
results. This case study is performed for a true 3D object with an optimization domain
with one dimension restricted. The input for the optimization was created in CAD software
using the following parts: optimization domain—box 20 mm x 500 mm Xx 1000 mm; bar to
be optimized—box 20 mm x 20 mm x 1000 mm centered inside domain; support area—
box 1000 mm x 1000 mm X 2 mm; stressed area—box 20 mm x 20 mm x 2 mm. All
parts modeled in CAD are visible in Figure [9.29] The parts for use with the structural
optimization system were exported as STL files. The material of the optimized model was
steel with v = 0.28, E = 200 x 10° Pa, p = 7800kg/m?. The yield strength for the material
was assumed to be 250 x 10% Pa. The bar was stressed with a force of 40 kN perpendicular
to the axis. For this, a test factor of safety = 3 was assumed and the max allowed von
Mises stress was set to 80 x 10% Pa.
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Structural optimization was run for 300 iterations. It is important to note that this case
study has been prepared to compare results with examples widely used as a benchmark for
structural optimization and the implementation of the results is not possible. A shear force
of 40 kN is applied to the area of 20 mm x 20 mm and this alone would cause structural

failure.

FIGURE 9.29. (a) CAD screenshot displaying the input object—bar and optimization domain. (b) CAD
screenshot displaying the stressed area (left), supported area (right) and optimization domain.

The mesh from the structural optimization was directly used as an input for the feature
recognition system. Refinement was run with the parameters displayed in Table 0.6] The

refinement progress is shown in Figure [9.30]

TABLE 9.6. Parameters of feature recognition algorithm used in Case Study 1.

Parameter Value

Initial cylinder radius 10 mm

Minimal Initial Element Size 40 mm
Population 5000

Node Move Standard Deviation 5.0 mm

Radius Change Standard Deviation 1.0 mm
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FIGURE 9.30. Initial mesh and refinement progress. Mesh in (a) is an STL file; (c—f) are CAD objects;
(a) initial mesh; (b) output of skeletonization algorithm; (c¢) initial solution—input for evolutionary
algorithm; (d) solution after 100 steps; (e) solution after 250 steps; (f) final solution after 564 steps.

The result of the feature recognition algorithms was imported into the CAD system
and exported as an STL file, which was used in the solution verification (Figure .
The numeric results are in Table 0.7 The boxplot of the surface von Mises stress is
Figure [9.32] The reconstructed object is 0.3% lighter than the structural optimization
result, so the algorithm produced an object of similar mass. The reconstructed object
has a lower maximal surface von Mises stress and exhibits smaller deflection under load.
The overall von Mises distribution is more concentrated (interquartile range 19.97 x
10% Pa in reconstructed vs. 52.67 x 10° Pa for reconstruction input), which suggests
better distribution of load under stress in the reconstructed objects. This is because the
compression/tension stresses dominate in this structure and the cylinder, which is the
chosen structural element, carries those loads well. On the other hand, the von Mises stress
is higher and a visual inspection of the FEM results shows excessive stress at the element
connections (Figure [9.33). Those are the points where the bending moments concentrate.
Disregarding the impossible load conditions, the implementation of the result would require

manual strengthening of those points in CAD software to avoid structural failure.
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FIGURE 9.31. Comparison of von Mises stress for structural optimization output (a) and object
reconstructed in CAD (b).

TABLE 9.7. Comparison of mass and stress values for input mesh and parametric model for Cast Study 1.

Input Mesh Parametric Model
Total Mass 18.41 kg 18.35 kg
Max von Mises stress on 551 x 10% Pa 436 x 106 Pa
surface
Mean von Mises stress on 55.7 x 10% Pa 62.6 x 10% Pa
surface

Max Deflection 2.008 mm 1.340 mm
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von Mises stress distribution on a surface
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Ficure 9.32. Boxplot showing von Mises stress distribution on a surface, calculated for both the feature
recognition input mesh and the output parametric model. Compared to the input mesh, the distribution
of the von Mises stress on a surface of the parametric model is more concentrated, but the mean value
is higher.

Ficure 9.33. Two selected fragments of the object reconstructed in CAD exhibiting excessive von Mises
stress at joints—bending moments under load are not sufficiently handled. (a) Central node of the mesh.
(b) Node with tension element (bottom) and two compression elements (left and right).

9.3.3 Case Study 2—Box Corner

The second analyzed case study is a feature recognition run for the structural optimiza-
tion of an aluminum box corner. The structural optimization has been performed as part
of the mechanical design workflow. The manufacturing technique is 3D printing using the
Powder Bed Fusion (PBF) technique. For manufacturing pre-processing, at the moment of
this paper’s creation, surface smoothing is considered. The following case study has been
performed to evaluate the reconstruction of a parametric model as a pre-processing step

for use in this particular case. The structural optimization using aluminum (v = 0.33,
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E = 70 x 10° Pa, p = 2800 kg/m?) was performed with multiple (three) load scenarios.
The maximum allowed von Mises stress was set to 70 x 10% Pa. The input geometries
are shown in Figure [0.34] The boundary areas are color coded and used to describe the
multiple load scenarios in Table[9.8] The optimization was run for 200 steps and the results
of the optimization are shown in Figure [9.35] The prototype manufactured for the initial
evaluation is in Figure [9.36)

TABLE 9.8. Forces and support assignment to boundary areas for load cases in the structural optimization
task. Refer to Figure for color-coded boundary areas’ locations.

Yellow Boundary  Blue Boundary Red Boundary

Load Case 1 Force 200N, vector  Force 200N, vector support
Y=—1 X=1
Load Case 2 Force 200N, vector support Force 200N, vector
Z=1 X=-1
Load Case 3 support Force 200N, vector  Force 200N, vector
Z=1 Y=-1

FIGURE 9.34. Definition of the structural optimization system input shapes in the CAD system. (a,c)
Two different views of the element to be optimized. (b) Optimization exclusion area and three boundary
areas. (d) Optimization domain and three boundary areas. Colors of boundary areas are used in load cases
descriptions.
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FIGURE 9.35. (a,b) Two different views of the topology optimization output—the input for the features
recognition system.

TABLE 9.9. Parameters of feature recognition algorithm used in Case Study 2.

Parameter Value

Initial Cylinder Radius 1.0 mm

Minimal Initial Element Size 3.0 mm
Population 5000

Node Move Standard Deviation 0.2 mm

Radius Change Standard Deviation 0.2 mm

Ficure 9.36. Photograph of one of the prototypes of the optimized box corner. This particular element
has been processed with surface smoothing and manufactured using FDM technology. Aluminum box
edges are attached to the optimized object’s edges—areas excluded from optimization.

The mesh from the structural optimization was directly used as an input for the feature
recognition system. Unlike in Case Study 1, this optimization problem contains areas
excluded from optimization. Those areas were removed from the mesh in the pre-processing
step. Refinement was run with the parameters displayed in Table The output from
the feature recognition process steps is shown in Figure [0.37 Structural analysis was

performed after the parametric model was obtained, and areas excluded from optimization
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were reattached to the reconstructed object in a CAD system. The altered mesh was
exported from the CAD system in an STL format and used for the structural analysis. As
the optimization problem contains three different load scenarios, the structural analysis
was also performed three times, once for each load scenario. Table[0.10] contains a summary
of the analysis. Figure [0.38] shows the surface stress distribution for each load scenario,
which are also presented as boxplots (Figure .

FIGURE 9.37. Steps of feature recognition algorithm. (a) Structural optimization output mesh with
optimization exclusion area. (b) Structural optimization output mesh with parts inside optimization
exclusion area removed. (c) Skeletonized mesh. (d) Initial solution—input of heuristic refinement as CAD
features. (e) Output of heuristic refinement algorithm as CAD features. (f) CAD features with parts inside
optimization exclusion area re-attached for solution validation.
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TABLE 9.10. Comparison of mass and stress values for input mesh and parametric model for Case Study 2.

Input Mesh Parametric
Model
Mass 64.1g 72.4g
Load Case 1
Max Von Mises 141 x 10°Pa 236 x 105Pa
stress on surface
Mean Von Mises 23.1 x 10°Pa 21.9 x 10 Pa
stress on surface
Max Deflection at 0.82mm 0.78mm
Force 1
Max Deflection at 0.61mm 0.62mm
Force 2
Load Case 2
Max Von Mises 178 x 105Pa 248 x 105Pa
stress on surface
Mean Von Mises 19.98 x 105Pa 17.6 x 106Pa
stress on surface
Max Deflection at 0.73mm 0.61mm
Force 1
Max Deflection at 0.68mm 1.0mm
Force 2
Load Case 3
Max Von Mises 263 x 10°Pa 436 x 10°Pa
stress on surface
Mean Von Mises 28.3 x 10%Pa 28.9 x 10%Pa
stress on surface
Max Deflection at 1.6mm 2.29mm
Force 1
Max Deflection at 0.96mm 1.28mm

Force 2
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FicurE 9.38. (a,c,e) von Mises stress on a surface calculated for the structural optimization output.
(b,d,f) von Mises stress on a surface calculated for the mesh reconstructed in CAD; (a,b) Load Case 1.
(c,d) Load Case 2. (e,f) Load Case 3.
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von Mises stress distribution on a surface
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Ficure 9.39. Boxplot showing von Mises stress distribution on a surface, calculated for both the feature
recognition input mesh and the output parametric model, for each of three load cases. For each load case,
the parametric model exhibits comparable mean stress values and the third quartile is lower, indicating
better mechanical properties. On the other hand, the parametric model contains multiple outliers with
high stress concentration. In practice, those areas determine the overall stiffness of the final design and are
undesirable.

The reconstructed object exhibits both a higher overall mass and worse material
properties. Although, for Load Case 1, the parametric model exhibits a lower mean stress
and comparable deflection values. For Load Case 2 and Load Case 3, all analyzed measures
exceed acceptable values. Details with areas exceeding the allowed surface von Mises stress
are visible in Figure Analysis shows that a cylindrical structural element, used to
build the parametric model, is insufficient to represent the complex structure of the element
optimized using the biomimetic approach. The surface stress exceeds the material’s yield
strengths in a few different distinct cases: the attachment points to the boundary areas are
insufficient, the connection between elements are too weak and the cylinders exhibit poor
behavior under bending moments (Figure [0.41)). On the other hand all those problems can
be solved manually by engineers in CAD software based on the provided structural analysis

results.
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Ficure 9.40. Comparison of structural analysis results between the structural optimization output
with the reconstructed parametric model. (a,d,g) Structural optimization output. (b,e,h) Structural
optimization output processed with surface smoothing for better visibility of the details. (c,f,i)
Reconstructed parametric model. Three different details of the model are presented. Parts with the von
Mises surface stress exceeded in the reconstructed model, compared to structural optimization output,
resemble tapered cylinders. An approximation with cylinders is insufficient.
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Ficure 9.41. Mesh clipped to show stress concentration at Load Case 2 conditions at connection
point between structural elements. (a) Structural optimization output. (b) Reconstructed parametric
model. Flattened bar that carries bending moments, in structural optimization results it bears distinctive
resemblance to the I-beam, which is designed for this purpose. In the parametric model, due to limitations,
it was approximated with an element that is not suited for such loads.
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9.4 Application of the proposed workflow to the industrial

use case.

The workflow proposed in the Chapterf§] was applied to the industrial use case. Case
study was performed using structural optimization output of a box corner. The input of the
optimization process was the same as described in the Section9.3} This particular result was
selected because, as a part of the BioniAMoto project, optimization was created as a part of
demonstration of the end-to-end manufacturing design process and the optimized mesh was
manually prepared for manufacturing using LM-PBF technique. This gives the opportunity
to execute a designed workflow and compare results with the mesh created manually. In the
following section all steps of the proposed workflow are completed and results presented.
The final mesh is then compared with mesh processed manually using mesh visualization
software. For the input of the structural optimization process refer to Figure [0:34] The
only difference in this task compared to the referred optimization task is a change of
maximum allowed von Mises stress. In this optimization task this value was increased to
75 x 105 Pa resulting in different topology. Optimization results with stress distribution
calculated for one of three load scenarios is shown in a Figure [0.42] Mesh directly from the
optimization was used as the input for the described workflow. The additional requirement,
imposed by the manufacturing process, is requirement of minimal element radius of 1.5mm.
This limitation is not caused by manufacturing procedure directly (LM-PBF is able to
produce finer details) but by use of support elements in the manufacturing process. Cutting
off supports in the final product from small details may cause elements to break hence
the structural optimization team was asked to thicken those elements during the mesh
preparation process. All described steps were performed manually, using the FreeCAD
software. Internally FreeCAD uses CGAL library [84-86| to perform mesh operations hence
is possible to fully automate those steps. Meshing step can be automated using CGAL |87

or gmsh [66] but research on the exact strategy wasn’t part of the scope of this work.
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FicUure 9.42. The result of the biomimetic structural optimization system — input of the processing
workflow.

The first step of the proposed workflow, after the structural optimization is completed,
is the extraction of the area of interest. This operation was performed using remeshing
with the structural optimization system mesh generator, to avoid mesh issues described in
the Chapter [7} In the same step secondary mesh was generated. Boolean mesh operation
was used to calculate intersection of the original CAD input object with locked areas. Both
meshes are shown in Figure [0.43] In this step the first unexpected issue was encountered.
The initial shape shown in a panel (a) and excluded area in a panel (c¢) of Figure[9.43|share
border which results in additional elements of zero volume produced by the intersection
operation. Those elements were manually removed from elements shown on a panel (b).
This issue is caused by incorrectly defined input data — to avoid numeric issues elements

used in mesh boolean operations should always overlap slightly.
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F1aure 9.43. The initial step of mesh processing. Shape defining areas excluded from the optimization is
used to remove those areas from optimized shape and to extract excluded shapes for later re-addition. (a)
Input CAD model. (b) Mesh containing elements from excluded areas. (c¢) A shape defining area excluded
from the optimization. (d) Optimization result. (e) Optimization result with removed areas excluded from
optimization.

After mesh preparation workflow forks into classical processing with surface smoothing
and parametric model extraction. Surface smoothing was performed by applying 500
iterations of the Laplacian Smoothing algorithm. Parametric model was prepared using
an automated approach presented in the Chapter[7] Algorithm was run once, using default
parameters. After the refinement step finished additional filtering was applied — all cylinders
in the output mothe with a radius lower than 1.5mm were modified to increase the radius
to 1.5mm. Additional operation, to prevent previously experienced numerical issues, was
added. The radius of changed cylinders was increased by additional random value taken
from uniform distribution between [0, 0.01]. During initial tests fusing cylinders of the same
radius may lead to numeric issues and invalid output. Adding a small random number
eliminates this unwanted phenomenon without visibly changing the solution. Smoothed
mesh from the first path, the corrected parametric model from the second path and
intermediate steps from the algorithm are in Figure [9.44] Manual Model Validation step,
proposed as the last step of the parametric model path, was performed and a minor issue
was spotted, shown on a panel (f) in Figure Issue was caused by the proposed
refinement algorithm itself. The goal is to fill the input mesh with available elements and
the algorithm doesn’t change topology. On the other hand, the parametric model allows
easy correction of such issues as shown on a panel (g) in Figure Correction of this
particular issue took below 3 minutes of work in a CAD software. After the parametric
model was verified and corrected it was converted back into finite element mesh using the

Netgen algorithm.
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Figurge 9.44. The initial step of mesh processing. Shape defining areas excluded from the optimization
are used to remove those areas from optimized shape and to extract excluded shapes for later re-addition.
(a) Mesh smoothed with 500 iterations of the Laplacian Smoothing algorithm. (b) Skeleton of the input
mesh. (¢) The initial parametric solution. (d) The refined parametric solution. (e) The parametric solution
with applied limitations of the manufacturing process. (f) Issue in the parametric model found during the
Manual Model Validation step. (g) Corrected issue in the parametric model.

The final step is a merge of all 3 meshes — smoothed, parametric and with areas excluded
from optimization. During the mesh fusing step minor issue with the smoothed mesh was
identified. Smoothing causes volume shrink, so connection point between smoothed mesh
and excluded areas was incomplete in the fused mesh. This in practice would lead to a
structural failure. To prevent this all 3 elements in excluded areas were manually extended
by lmm towards the optimized mesh. Complete mesh is shown in Figure [§.45] The whole
process described required less than 15 minutes of work to finish, not including the initial
job preparation time and waiting time for the optimization and for the feature recognition

to finish. The fully manual processing procedure took 2 hours to finish.
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FicUure 9.45. The structural optimization result processed to include limitation of the manufacturing
technique — minimal required radius of elements is 1.5mm. (a) Mesh generated using the proposed
processing workflow. (b) Mesh processed manually by a technician.

Compared to the manually processed mesh, the mesh obtained using hybrid workflow
exhibits a significantly smoother surface. Synergistic properties of the proposed approach
are visible in internal nodes of the mesh as shown in Figure[0.46] Uniform thickness of struc-
tural elements provides superior load-bearing characteristics under tension/compression
compared to non uniform items, where the whole element has strength of its smallest cross-
section. Judging from the mesh shape and prevalence of straight bars this kind of stress
dominates in structure. To verify this hypothesis structural analysis was performed for both
meshes using the first load scenario, results are shown in Figure [0.47 Structural analysis
supports the observation — smooth, cylindrical elements generated by the skeletonization-
based feature recognition approach exhibit more uniform stress distribution thus carry

loads better than manually processed elements of the mesh.
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FIGURE 9.46. (a, b) Details of the mesh obtained using the proposed workflow. Bionic structure was
supplemented by a parametric model.



9.4. Application of the proposed workflow to the industrial use case. 84

(b) F

A
— 1.0e+08 N
b

be+7

de+7
- 2047
5 2e+7
- B — 1.0e+06
k. — 1.0e+06 . 1
%

F1GURE 9.47. Detail of structural optimization output showing von Mises stress on a surface for the
first load case from the optimization task. (a) Mesh processes with hybrid workflow. (b) Mesh manually
processed. Smooth structures obtained from the parametric model provide better load distribution
compared to the manually processed mesh.



Chapter 10

Discussion

This chapter reflects on the aim of the thesis, discussing achieved results and the
proposed advancements in the technologies and what shortcomings have been identified.
The primary aim was to research tools for building parametric geometric models for CAD
systems based on topological optimization results. The aim was achieved in distinct steps.
First mesh generator of the biomimetic structural optimization system was evaluated and
shortcomings were addressed to enable further research. Then two different approaches for
the truss recognition problem were researched. Finally, an industrialization approach using

hybrid workflow was proposed.

10.1 Mesh generator tool

The primary aim of this research was to evaluate current state and propose improve-
ments to allow use of the mesh generator both to generate an input for the parametric
model recognition system and a part of it. Proposed changes were successfully implemented
and validated.

Mesh generated using a researched system now looks smoother and requires less pro-
cessing before manufacturing, when surface smoothing algorithms are used. Meshes still
have rough surfaces for geometries containing elements angled at low angles, due to scale
reduction step. The use of the Marching Cubes algorithm [88,/89] for mesh generation
would remove this issue. The reason why a custom mesh generator is implemented is
to ensure uniform structural element size across the whole mesh to improve stability of
FEM structural analysis — the primary purpose of mesh building. Enhancing the struc-
tural optimization system with a secondary, more detailed, mesh generator would allow
producing better quality meshes for further processing while retaining uniform element
size of elements for FEM structural analysis. On the other hand using a different mesh
for the output than the one optimized requires additional validation steps. In this context
the benefit can be not worth the overall complication of the optimization process. More
research is required to address this issue.

Meshes generated by the structural optimization system are now free of defects. It was
surprising to learn that all FEM software used during the research (Calculix, Elmer FEM,

FrontISTR) are able to produce valid results using meshes with minor topology issues.
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On the other hand those issues prevent any operations with mesh processing software,
FreeCAD and underlying CGAL in particular. Although it is possible to fix those meshes
using the dedicated software (MeshMixer, FreeCAD) it was shown complex topologies can’t
be automatically fixed. Moreover researched algorithms are based on element removal
which decreases volume of the mesh. Moreover it was observed that mesh issues often
appear in thin structural elements, removal of faulty edges may split such elements in half
changing mesh topology. Hence it was justified to undertake the effort of addressing those
issues in the mesh generator itself. The ability to produce meshes of higher quality enables

new research directions for the structural optimization system itself.

10.2 Hough Transform

Cylinder recognition algorithm using Hough Transform based recognition was proposed
and implemented. Tests were conducted using both synthetic and real data. Suitability of
this approach for processing 2D results is well proven. For 3D data cylinders recognition
with a two step approach was evaluated. The first stage is cylinder axis estimation, the
second is radius and position estimation. The algorithm was implemented as proof-of-
concept, with all shortcomings identified and listed. Validation procedure of the output
parametric model was proposed. The implementation was proven to work properly on
simple test cases, then the algorithm was tested on results of the biomimetic structural
optimization algorithm. All results were compared with source data and usability of the
algorithm was evaluated.

The main reason for selecting Hough transform for the first research was the formal
elegance of this approach. Input data, after transformation into a feature space, is changed
into a representation easy to interpret by both humans and the algorithm. Two-stage
algorithm allows future extensions as each part can operate separately with separate parts
for axis detection and separate for shape estimation. Transformation into the feature
space is fast and, despite the algorithm uses multidimensional accumulators, memory
requirements are low considering current computer capabilities, especially compared to
the amount of memory required to perform structural optimization.

The algorithm works well for synthetic data. As the second stage of the algorithm is
designed to detect circles, other shapes cause detection errors as shown in both the second
case study and in tests on structural optimization outputs. For the proof-of-concept work
achieved quality of detection is considered sufficient. Extending detection to other shapes,
such ellipses, is possible using Hough transform [90], but in practical application the second
step doesn’t need to use this approach for detection. Once data is projected onto a plane
along the element axis any algorithm can be used to recognize the shape. Visual inspection
of the projected data suggests estimation of the axis position can be performed using points
grouping algorithms followed by the radius estimation based on a simple fitting algorithm
such as minimizing mean square error. The algorithm provides no means to estimate quality
of the detection and stop criterion is not defined. More research is required to provide such
capabilities. The identified issue with detection of cylinders with axis along the Z axis has

been mitigated by picking test cases without such data.
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Tests performed on the real data, on the other hand, demonstrated poor performance of
the algorithm. Simple truss meshes are recognized properly, but more complex topologies
are either recognized partially or not at all. The algorithm is very sensitive to the data
quality and struggles with flat areas of mesh which interfere with the axis estimation step
resulting in false-positive detection errors. Correction of such issues is hard, as demon-
strated on the 4th mesh in the case study 3. This property makes use of this algorithm
for the feature recognition in a standalone more problematic. Real data contains different
features and the algorithm has a tendency to “stick” to those problematic areas instead of
detecting features it can correctly detect.

To sum up, provided implementation is correct but detection quality for the real data
is insufficient. Moreover there is no easy way to extend the algorithm to either provide
capabilities of detection of other geometries or to increase the quality of current recognition.
Further research on this algorithm, as an end-to-end solution for the feature recognition,
is not recommended. On the other hand the researched approach based on the multi-
stage processing including parts of the algorithm can be valuable in the further research.
Each estimation step operates independently. Axis estimated with different approaches,
including researched skeletonization, can be processed with a radius estimation algorithm

to improve the quality of the initial solution.

10.3 Skeletonization-based approach

Skeletonization-based approach was extensively researched. The thesis presents algo-
rithm description and provides test results performed both on well-recognized literature
test cases and for the real data, obtained in the BioniAMoto project. Test results include
structural analysis using FEM software and the analysis of suggested quality measures.

The proposed skeletonization-based approach with topology extraction using a skele-
tonization algorithm, followed by filtering and heuristic refinement works really well for
both, as demonstrated with the output from the BioniAMoto project. Truss structures
produced by the biomimetic structural optimization system can be eagily identified by a
skeletonization algorithm.

Skeleton filtering step, the first step after skeletonization, is based on explicitly provided
parameters, minimal edge length in particular. In all performed tests value was assumed a
priori. For the box corner estimation value of 3mm was used, which corresponds to about
2.5% of the bounding box size. There is no recommendation for the right value of this
parameter, which is critical to the overall performance of the process. Too low value may
result in a needlessly complex initial solution which, paired with an evolutionary algorithm
used for the heuristic refinement, leads to noisy final solution when small elements are used
to fill available space in a chaotic manner instead of creating a neat truss. Too high minimal
element size leads to loss of details.

The initial solution is far from optimal and requires a heuristic refinement step. Initial
solution can be improved by performing the radius estimation for each element in the initial
solution. This can be achieved using the Radius Estimation step from the researched Hough

Transform approach.
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Heuristic refinement step relies on the Fitness Function to score results and find the best
next candidate. The proposed formula was extensively researched and performs well. The
biggest identified issue is operation on the volumetric data completely disregarding mesh
topology. This makes possible very fast computation but leads to results where elements
are not connected or are lightly touching each other. In practice such structures should be
connected together. Second issue is the problem arising from the underlying philosophy
of the proposed Fitness Function. It scores how well the solution fits the mesh, not how
well the mesh is represented by the solution. If some part of the input data is not initially
included in the solution, i.e. because the skeletonization filtering step removed too many
edges, those parts will never be included in the solution. Current implementation doesn’t
change the mesh topology - the graph of the initial solution is kept intact through the
refinement process. For the proof of concept work this is sufficient, but the production-
ready solution should be more robust, with the ability to remove not needed edges and
trace curved structures by splitting edges.

Provided algorithm struggles with a space filling task in parts of the mesh which are
not truss. In the provided solution for the BioniAMoto box corner this is apparent near
support areas where truss morphs into flat attachment points. The algorithm tries to
fill those volumes with available elements creating chaotic mesh with bad stress-carrying
capabilities. This weakness was well-understood during the design and implementation
phase and was effectively mitigated by the proposed hybrid approach. Nevertheless it is
recommended to address this shortcoming in further research by introducing more variety
of structural elements. Change of the cylinder to the extruded ellipse as the basic structural
elements appears to be the good direction of the next research step. Compared to a circle,
an ellipse has 2 more degrees of freedom so it is able to provide more variety of forms
without complicating the solution. Alternatively structural elements can be changed to
the tapered cylinders by adding one more degree of freedom to the solution — the taper
angle. Proposed solution, especially the robust Fitness Function, allows easy integration
of additional geometries into the algorithm.

The described algorithm in current form, despite found shortcomings, proved useful
in the BioniAMoto project where it was already used to prepare mesh for the additive
manufacturing process. Further research and development is expected to allow desired
degree of automation to enable use of the approach in industrial application outside of

research projects.

10.4 Industrialization with the hybrid approach

Workflow enabling application of the research results in current form was proposed.
Workflow is based on fusing an obtained parametric model back into the finite element
mesh to create synergistic effect of both approaches. The extracted parametric model
enables easy adjustment of the data in a CAD system to address additional requirements
of the selected manufacturing process. Smoothed mesh, used for the fusion, helps to retain
the bionic nature of the result mesh and bhalances details loss caused by the selected truss-

based approach. Additive nature of changes required in the post processing step make it
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possible to use simple fusion operation of meshes, which would not be possible if some parts
of mesh are removed in a CAD model. In addition to two mentioned meshes, the third
fused object are parts of the mesh excluded from optimization. Proposed workflow extracts
them from the original CAD input of the structural optimization system hence those items
are not distorted by the data discretization algorithm used by the optimization.

The proposed workflow was applied to the part developed during the BioniAMoto
project. It was demonstrated how the process both speeds up overall processing and
reduces effort required. Resulting mesh is considered to be of higher quality than manually
prepared, allows repeatability of results and makes possible to perform processing using the
standard CAD software, without mesh sculpting knowledge. Moreover it was proved with
the structural analysis tools that smooth, straight surfaces of structural elements from the
parametric model exhibit better load carrying properties than manually prepared mesh or
smoothed mesh. The proposed workflow provides a unique view on the optimization result

post processing technique and the research should be continued.



Chapter 11
Conclusions and future work plan

This chapter summarizes the main features of the proposed framework, discusses gen-
eral features and specific research contributions, comments on how well overall research

objectives were satisfied, and gives recommendations for further research.

11.1 Conclusions

This dissertation describes the framework for building parametric geometric models
for CAD systems based on topological optimization results. The input for the system
is a biomimetic structural optimization system. Mesh generator used by the system was
evaluated and adjusted to provide high quality mesh enabling feature recognition. Two
approaches were discussed - Hough Transformation application for cylinders recognition
and skeletonization-based feature recognition. Both approaches were designed to transform
the input mesh into a set of pre-defined simple geometries which can be transferred
to the CAD system. Based on the research on the feature recognition algorithm the
complete processing workflow based on the hybrid approach was proposed. All discussed
approaches were implemented and tested using both synthetic and real data. The main

novel contributions of this research are summarized as:

e The biomimetic structural optimization system was enriched with a better mesh
generator. It enables further research in the area of structural optimization using
this system enabling higher quality results using more detailed meshes. Use of this
system is not limited to the area of mechanical design, but also can be used in the

medical research areas as it allows trabecular bone modeling and analysis.

e Explored capabilities of the Hough Transform in the mechanical design and struc-
tural optimization areas are the first attempt, to the author’s knowledge, of such

applications.

e Proposed skeletonization-based algorithm provides a unique view of the feature
recognition decomposing 3D mesh into a set of simple geometries. It defines the
direction of next research, supported with successful application in an industrial use

case.
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e Hybrid approach to structural optimization results post processing is a novel ap-
proach for the mesh preparation for a manufacturing. Proposed framework bridges
the gap between the structural optimization and manufacturing step allowing semi-
automated application of manufacturing limitation to the optimization results. Re-
search went beyond theoretical analysis of the dissertation aim and resulted in the

industrial application of results, as a mesh that is ready to manufacture.

To conclude, the presented research provides significant advancement in the mechanical
design workflow. The hybrid approach workflow, paired with a skeletonization-based fea-
ture recognition system, enables easy processing of the structural optimization results to
prepare the model for the manufacturing step. The original research achievement of the

work are:

e Skeletonization-based feature recognition system using evolutionary algorithm for

data refinement,

e Hybrid workflow for optimization results preparation by fusing the adjusted para-

metric model with the original mesh.

11.2 Future Work

The described process, although already used in industrial application in a research
project, is a framework enabling further development. The main areas of improvement are

as follows:

e Truss-based geometry was chosen because, compared to more complex geometries,
it has fewer degrees of freedom to optimize, so the heuristic refinement process
converges fast. The chosen structural elements are insufficient for structures with
bending moments under load and there is a need for support of more complex
geometries to properly capture the complexity of the input meshes. The proposed
heuristic refinement step and the Fitness Function in particular work with solutions
built out of any parameterized geometries. This makes it possible to apply the
algorithm to any geometries produced by structural optimization algorithms, without

the current limitation to trusses.

e The refinement process in the skeletonization-based approach is heuristic; hence, the
final solution may not meet the required mechanical properties. There is a need
for research into the viability of adding an additional final refinement step where
feedback from structural analysis is used to adjust the model. Heuristic refinement
in this proof of concept work utilizes a random search approach. This process can be
highly optimized. For example, adjusting positions of solution graph nodes is possible
with the use of gradient descent methods. The initial topology, obtained from the
processed mesh skeleton, is not changed during refinement. It is possible to enrich the

heuristic refinement step with operations by changing the solution graph topology.
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e Hough transform approach was considered to be too sensitive to data noise to work
correctly in the presented use case. Parts of the research, the radius estimation
algorithm in particular, can be used in the skeletonization-based approach to improve
the quality of the initial solution. The approach with projecting the data to the plane
normal to the detected feature axis allows an easy way to use 2D computer vision
algorithms to extract information. On the other hand sensitivity of this approach
to axis estimation errors was shown. In the skeletonization-based approach those
estimation errors are completely ignored as refinement step fixes all initial problems.

More research is required to determine if it is possible to fuse both approaches.

e The proposed workflow is able to consider only the most simple limitation — the
minimal element size — which is easy to enforce. Another kind of processing is
adding material to remove a need for support structures. Automated mesh processing
to perform this task based on the manufacturing method would greatly improve

capabilities of the researched solution.
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